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SUMMARY
Performance Studies on a liquid-liquid Contactor with oscillat­
ing multiple baffles are reported. Two three component liquid 
systems - CCL^ - HAC - I^O and MIBK - HAC - 1^0 - were studied.
The mass transfer efficiency of the contactor have been evaluated 
with respect to the variation of operating conditions, flow 
ratio and solute concentration in the feed phase. Empirical 
correlations for the overall mass transfer coefficient have been 
proposed.
Drop size studies based on photographic techniques are reported. 
Sauter mean drop sizes were obtained from the photographs for 
a wide range of operating conditions. Using this data and the 
data for the dispersed phase hold-up, 'obtained by the manometric 
method, the interfacial area of the dispersion was calculated 
for the same operating conditions.
Axial mixing properties were investigated for single phase flow 
using a dye injection technique. Residence time and axial 
mixing parameters were obtained, and their significance discussed. 
A correlation for the axial mixing coefficient has been proposed.
The Miyauchi and Vermulen type one dimensional diffusion 
equation for predicting Number of Transfer Units was solved 
analytically and numerically. The limitation associated with the 
use of this equation especially with respect to (a) variation 
of NTU along the column length, and (b) boundary conditions has 
been discussed.
The maximum operating conditions have been investigated for a 
number of operating conditions, and the effect of solute con­
centration in the feed phase on maximum operating conditions 
have been demonstrated.
The power consumption characteristics have been investigated 
and correlation for total mixing power P^,(i.e excluding dry 
p o w e r ) , have been proposed. Due to a proportion of unswept 
volume, correlations for total mixing power P^, total mixing 
power per unit active volume P^a and total mixing power per 
unit swept volume Py s > have been proposed.
Mass transfer and power studies are also reported for a smaller 
contactor with a single oscillating baffle. The experimental 
results of the two contactors have been compared for scale-up 
purposes.
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CHAPTER 1 
INTRODUCTION
1.1 Basic Design Consideration For Liquid-Liquid Contactors.
The factors that govern the selection and design of liquid- 
liquid contactors for extraction purposes are numerous. Such 
factors include throughput, rate of mass transfer required, 
method for contacting phases, equilibrum conditions, floor 
space available, safety and environmental factors. A wide 
variety of contactors ranging from small sophisticated to large 
rugged types have been used for solvent extraction. Generally 
they can be classified under the following two categories (a) 
horizontal contactors and (b) vertical contactors.
For the majority of multistage liquid-liquid extraction p r o ­
cesses, vertical columns are to be preferred as they occupy 
less floor space, no interstage pumping is required and inti­
mate contacting of the two phases can be achieved mechanically 
by simple single drive mechanisms, thus making it more eco­
nomical to operate. However, this type of equipment also has 
its drawbacks since it is not possible to control such impor­
tant parameters as interfacial area which strongly influences 
the rate of mass transfer. They are characterized also by low 
throughput and extensive axial mixing which is dependendent on 
the type of agitation and vessel internals.
For a countercurrent agitated contactor it is desirable that 
the interfacial area available for mass transfer be kept as 
high as possible, thus resulting in a high solute extraction 
rate. For processes where the solute has to be separated from 
the solvent after extraction it is necessary that the solvent 
flowrate be kept as low as possible. However, the interfacial 
area is fixed by the operating conditions such as throughput 
and agitator rate which is in turn fixed by the limiting flow 
conditions for the specific extraction system. Hence, for 
most contacting devices there are optimum operating conditions 
which are dependent on the nature of the extraction process.
An important parameter that must be considered when designing 
contactors, is the degree of axial mixing. Axial mixing lowers
the separation efficiency of contactors as compared to the 
values obtained from an assumption of piston flow. In counter- 
current contactors axial mixing is increased by increase in 
agitation rate and occurs at any flowrate.
Ideally a contacting device should be capable of handling high 
throughput and producing high separation efficiency. Also, it 
should be simple to construct and capable of being scaled up 
from small prototype to large industrial contactors with relia­
bility.
The present work consists of a performance study on a oscillating 
Baffle Contactor O.B.C with multiple oscillating baffles. This 
contactor is the first of its type and the mixing system is u n i ­
que to this particular device. It is a scaled up version - both 
in size and number of baffles - of the original O.B.C described 
by Thomas (T6 and British Patent 52556/66). The scale of the 
work can be regarded as close to semi-industrial scale.
1.2 Mass Transfer R a t e s .
1.2.1 Mass Transfer T h e o r i e s .
Several theories for determining mass transfer rates in solvent 
extraction have been proposed. The most widely used of these 
theories for liquid-liquid extraction is the Lewis-Whitman two 
film theory(L7). This theory assumes that the solute concen­
tration in each phase at the interface are in equilibrium. It 
also assumes mass transfer occurs by a turbulent mechanism in 
the main stream of each phase and by molecular diffusion through 
stagnant films on each side of the interface. Most of the r e s i s ­
tance to mass transfer is assumed to be contained in these two 
films. The two films theory is by no means truly representative 
of the mass transfer mechanism across the interface and other 
theories for interphase mass transfer across an interface have 
been put forward. Two of these which are sometimes used as a l ­
ternatives are the Higbie(HlO) penetration theory and Danckwerts
(D2) surface renewal theory. Nevertheless, the two film theory 
has been used with remarkable success in interpreting the r e ­
sult of most two phase mass transfer operation on industrial 
importance. It provides the Chemical Engineer with a straight 
forward overall method for determining mass transfer rates in 
liquid-liquid contactors. This theory will be used to develop 
the mass transfer rate equation for the present work.
The Higbie(HlO) penetration theory assumes that turbulent eddies 
travel from the bulk of the phase to the interface, where they 
remain for a short but constant time before moving back into the 
bulk of the phase. Solute is assumed to ’’penetrate” into a 
given eddy while it is at the interface by unsteady state m o l e ­
cular diffusion. The Surface Renewal Theory proposed by 
Danckwerts(D2) is a modification of Higbie's theory. This the­
ory assumes an ’’infinite” range for the time spent by eddies at 
the interface and not constant times, as assumed for the p e n e ­
tration theory. An extensive treatment of the various theories 
are given in Coulson and Richardson(C19).
1.2.2 Mass Transfer Rate E q u a tions.
These equations are developed from the two film theory. Co n ­
sider solute being transferred from the dispersed to the con­
tinuous phase in the contactor. Then the rate of transfer of 
the solute can be represented by:
N = k ,a (x - x •) ...1.1u
or N = k a (y. - y) ...1.2
c w  l J J
where N = Mass transfer rate.
k a,kja = individual film mass transfer coefficient for con-c 7 a
tinuous and dispersed phase respectively. 
y,x = concentration of continuous and dispersed phase in
the bulk of the phases respectively.
^ i ,xi = concentra‘ti°n continuous and dispersed phase res­
pectively at the interface, 
a = interfacial area.
Due to the difficulty encountered in measuring the interfacial
concentration of x. and y . , overall mass transfer coefficient
1 J 1 *
are used instead of individual coefficients. The overall mass 
transfer coefficient is defined as:
N = K da (x - x*) . . .1.3
N = K ca (y* - y) ...1.4
concentration of solute in dispersed phase in 
i equilibrium with concentration of solute in 
continuous phase y.
concentration of solute in continuous phase in 
equilibriumi with concentration of solute in di s ­
persed phase x.
overall mass transfer coefficient.
1.2.3 Mass Transfer Coefficients.
As stated above it is normal to use overall mass transfer co­
efficients instead of individual coefficients when calculating 
mass transfer rates. The relationships between these two co­
efficients are dependent on whether the: equilibrium relation­
ship is linear or non-linear.
For a linear equilibrium relationship, the coefficients are re-
i
lated as follows:
1 1 . m— T
and 1 1 1— T
where m is the slope of the equilibrium: curve and is referred to 
as the distribution coefficient. When the! equilibrium line is 
non-linear, this coefficient varies with concentration and the 
values for m in equations 1.5 and 1.6 would be different.
where x* =
y* =
K,a,K a d 9 c
1.2.4 Interfacial Area.
In liquid extraction processes where one phase is dispersed in 
another, the rate of mass transfer is directly related to the 
interfacial a r e a , ' a .'(equations 1.3 and 1.4). The magnitude of 
the interfacial area in an agitated contactor is highly d e ­
pendent on the operating conditions, method of dispersion and 
physical properties of the liquid system.
The interfacial area is normally calculated from the Sauter 
mean drop diameter d ^ *  and the fractional hold-up of the dis­
persed phase cf>p, both of which are measured experimentally. It 
is given by:
6(j)
a = ---
d 32
where a is the specific interfacial area,
Equation 1.3 and 1.4 shows that a large interfacial area r e ­
sults in a high mass transfer rate and equation 1.7 show that 
this can be achieved at small drop diameters. However, too 
small a drop size can have an adverse effect on mass transfer 
rates. This is due to the effect of drop size on mass transfer 
coefficients. Associated with large drops are internal c i r ­
culation and drop oscillation which enhance the mass transfer 
coefficients,while too small drops behave like rigid elastic 
spheres resulting in lower mass transfer coefficients. T h ere­
fore, there must be some minimum drop size beyond which further 
decrease would result in lower mass transfer coefficients. To 
put an actual value to this minimum size by experiment or other 
means is> exceedingly difficult due to the complex behaviour of 
drop swa r m s .
1.3 Drop Dy n a m i c s .
The movement of drop swarms in a liquid media is an important 
aspect of liquid extraction. The drop size and velocity of the 
drop phase through the contactor determine the limiting flow
.' ..1.7
2, 3
cm /cm .
conditions and hence the contactor capacity. During the m o v e ­
ment of the drop phase through the contactor drop interaction 
takes place.
Drop interaction is the combined process of collision, coale­
scence, break-up and redispersion of drops in a dynamic environ­
ment .
There are a number of factors which affect the movement of drop 
swarms in an agitated liquid media - liquid flowrates, agitation 
rate, drop size, drop interaction and the local eddy motions of 
the continuous phase. The combined effects of drop interaction 
is dependent on the nature of the system. For example, systems 
with low interfacial tension tend to coalesce and redisperse 
more readily at lower agitation rates than systems with high 
interfacial tension. Another important factor affecting drop 
interaction is the hold-up of dispersed phase. For a system of 
low hold-up and high agitation rate, the break-up process will 
predominate with little or no interdrop coalescence. On the 
other hand, for contactors such as spray and packed towers, 
interdrop coalescence will predominate with little or no drop 
break-up, due to the lack of induced turbulence.
1.4 Axial M i x i n g .
The effect of axial mixing is to reduce the concentration driv­
ing force between the contacted phases and this lowers the 
separation efficiency of the contactor. Measurements(L5) show 
that up to 60 - 751 of the effective height of production size 
columns can be on account of axial mixing if they are scaled 
up from models where the effect of axial mixing was not con­
sidered. Thus an indepth study of the degree of axial mixing 
is crucial when designing countercurrent contactors.
Rod(R4) stated that by axial mixing, solute is transferred in 
the stripped phase in the direction of phase flow and in the 
enriched' phase this proceeds against the direction of flow. It 
can be regarded as the combined effect of two phenomena, that
due to turbulent and molecular diffusion in the axial direction, 
and that resulting from a nonuniform velocity across the cross- 
section of the contactor (B2).
There appears to be some confusion in the literature with r e ­
gards to the terms used to label axial mixing. Klinkenberg 
(K4) attempted to clarify this by defining two new terms, back 
mixing (1) - indicating a mechanism by which a phase can move 
against it main flow -, and back mixing (2) - indicating a 
mechanism by which a spread of residence time is brought about.
Backmixihg, in the continuous phase may result from turbulent 
eddies due to convective flow of the phase, or from entrainment 
of field liquid in the boundary layer surrounding the drops. 
Forward mixing in this phase may result from a velocity dis- 
trubution in the continuous phase flow or from channeling 
effects due to the system geometry.
For the dispersed phase, axial mixing may be due to the spread 
of drop residence times within the contactor resulting in the 
distribution of drop sizes.
Several models have been proposed for studing the effect of 
axial mixing on extraction efficiency. One of the most widely 
used is that of Miyauchi and Vermulen(M8). The application of 
this model requires experimental values for axial mixing c o ­
efficients under the appropriate conditions, together with a 
knowledge of true values for mass transfer coefficients. Axial 
mixing coefficients can be determined from residence time di s ­
tribution studies, and true values for mass transfer coefficients 
by R o d ’s (R4) method.
1.5 Dispersed Phase H o l d - u p .
Dispersed phase hold-up is the volume fraction of the total 
contactor volume occupied by the dispersed phase.
The hold-up is a very important parameter in liquid extraction
since it affects the mass transfer rates and the operating 
capacity of the system. The magnitude of the hold-up also 
affects the rate at which the various phases flow through the 
contactor. Too high a hold-up can result in hydrodynamic in­
stability at which stage the contactor becomes inoperable.
1.6 Maximum Operating Conditions - Flooding.
In the operation of countercurrent liquid-liquid contactors it 
is generally recognized that for a given flowrate of one of the 
phases, continuous increase in the flowrate of the other may 
lead to a condition at which the lighter phase is swept out of 
the contactor by the heavy phase. At this stage the contactor 
is said to be ’’flooded" and the maximum operating conditions of 
the contactor is taken as these "limiting flow rates" or"flood- 
ing velocities'.’
At the flood point it can be observed that the droplet density 
within the contactor significantly increases . This " crowding" 
of the drops results in a decrease in interstitial area giving 
a high local continuous phase velocity which in turn increases 
the dispersed phase hold-up, and the density of dispersion 
still further. This ultimately lead to the contactor being 
filled up with dispersed phase and large amounts are carried 
over with the continuous phase.
There is no standard method for determining the flood point and 
it would appear from the definitions of "flooding" in the 
literature (B4, C12, H2, M2) the method used is dependent on 
the type of contactor and method of dispersion. Some of the 
methods widely used are observation of drop density build-up, 
carry over of dispersed phase and a marked change in the ex­
perimentally measured hold-up. Of these the last method is 
regarded as the most accurate, the other two being impractical.
1.7 Power Consumption in Liquid M i x i n g .
The power input into a mechanically agitated contactor is of
importance with regards to economical operation and successful 
sealing-up of the process.
The choice of a liquid contactor for solute extraction is d e ­
pendent on the separation efficiency required and the cost in 
achieving this separation. For instance, it may be more eco­
nomical to choose a contactor which consumes relatively little 
power and gives a 50 - 60% separation efficiency than a con­
tactor which consumes a large amount of power and gives a 90% 
separation efficiency.
The power drawn by an agitator in a liquid mixing system is 
determined by its agitation rate and the environment in which 
it operates. As a result, the power consumed is correlated 
with these parameters as the independent variables. The cor­
relation is in the form of an equation with dimensionless 
groups.
One of the important factors in the scaling-up of mixing equip­
ment is the scaling-up of power data. This is normally carried 
out using the principle of similarity:- geometric, kinematic 
and dynamic.
Miller and Mann(Ml) reported that small and large mixers gave 
equal mass transfer coefficients and mixing rates at equal 
power input per unit volume. Thus, for reliable scaling-up of 
mixing equipment an in depth knowledge of the power consumption 
under different operating conditions is essential.
1.8 Programme of the Resea r c h .
The main variables affecting the performance of the oscillating 
baffle contactor with oscillating multiple baffles are (1) 
oscillation rate (11) amplitude of oscillation (111) liquid 
flowrates (IV) physical properties of the system (V) inlet 
solute concentration in the feed phase.
The effect of these variables has been investigated experi­
mentally, and computations based on derived theory were carried
\
out. The sequence of the performance studies are as follows:
1. Solute concentrations at the inlet and outlet of both 
phases, and at equally spaced positions along the co n ­
tactor length for the continuous phase were measured.
2. Computation of the apparent measured extraction effi­
ciency based on the measured concentration profile 
for the continuous phase and including the effects of 
axial mixing.
3. Determination of axial mixing coefficients for con­
tinuous phase by residence time distribution studies.
4. Adaption of an existing mathematical model for p r e ­
dicting the solute concentration profile for the case 
in question, and computation of theoretical concen­
tration profiles for some experiments using known 
parameters.
5. Determination of hold-up of dispersed phase using the 
manometric method.
6 . Determination of Sauter mean drop diameter from p h o t o ­
graphic studies.
7. Determination of power characteristics of the O.B.C 
by electrical and electronic methods using a torque 
meter.
8 . Flooding studies and the effect of solute concentration 
on flooding.
9. Generalised empirical correlations of measured extract­
ion efficiency, Sauter mean drop diameter, power 
characteristics and axial mixing coefficient with 
their important variables using dimensional analysis 
technique.
Selected performance studies were also carried out on a small 
scale contactor with one oscillating baffle for comparison 
with the large scale multiple baffle system.
CHAPTER 2 
LITERATURE SURVEY
2.1 Liquid-Liquid Contactors
The wide range of liquid-liquid contactors used both in in­
dustry and for research can be divided into two categories,
(I) Discrete Stage Contactors.
(II) Continuous Differential Contactors.
The two categories are further subdivided according to (a) the 
type of flow (i.e countercurrent or co-current) and (b) method 
adopted for effecting the type of flow and interdispersing of 
the phases. An extensive classification of liquid-liquid con­
tactors has been tabulated and discussed by Morello and 
Poffenberger(M10). A more recent classification has been p r e ­
sented by Logsdail and Lowes(L10).
2.1.1 Discrete Stage Contactors.
The discrete stage contactor consists of a fixed number of dis­
crete stages wherein the immisible (or partially misicible) 
phases are sufficiently well mixed to bring the liquids close 
to equilibrium . The liquids are then discharged into a settling 
tank for the phases to disengage. A well known extractor in 
which both of these steps are performed within a single shell 
is the Holley-Mott.
The discrete stage contactors are widely used in processes 
where a high purity of the product is essential such as in the 
pharmaceutical industry. They are also used in atomic energy 
processes where it is necessary to avoid the use of moving 
parts in the immediate vicinity of the unit.
Most of the discrete stage contactors employed in industry are 
arranged horizontally, however, there are cases, Hanson and 
Kaye(H4, H5) and Treybal(T13, T15) where vertical arrangement 
have been reported. In the present times where there is an 
urgent need for energy conservation and also the rapidly in­
creasing cost of floor spaces, the vertical contactor would be 
much more economical to operate than the horizontal ones.
The advantages and disadvantages of the discrete stage con­
tactors are given and discussed by Treybal(T14).
2.1.2 Continuous Differential Contactors (C.D.C's).
In continuous differential contactors extraction is effected by 
passing the phases countercurrently through the extractor which 
is vertically arranged. This type of flow is achieved by 
virtue of the density difference between the liquids being con­
tacted.
The C.D.C's can be generally classified under two categories.
(a) Unagitated Contactors and (b) Agitated Contactors.
Voluminous research data have been reported on both categories.
The simplest form of the unagitated contactors is the spray 
column. Spray contactors are generally inexpensive and have 
high flow capacity but they have poor efficiences. The effi­
ciency of the spray could be increased by inserting packing, 
baffle - plates or sieve - plates in the empty shell of the 
contactor.
The agitated contactors such as the Rotary Disc Contactor, the 
York - Schiebal extractor, the Rotary Annular Contactor and the, 
Oldshue - Rushton Contactor, which are rotary agitated, are 
widely used for liquid-liquid extraction in the petroleum in­
dustry. The performance of these column contactors indicates 
that they are more efficient and possess better operational 
flexibility than the unagitated contactors. In addition to 
rotary agitated contactors, there are the pulse agitated c o n ­
tactors. In these extractors, a rapid, reciprocating motion of 
relatively short amplitude is applied to the liquid contents.
A detailed description of both the discrete stage contactors 
and continuous differential contactor are given by Treybal 
(T14), Logsdail and Lowess(LlO) and Laddha and Degalee s a n ( L 2 ) .
The present research was carried out on the oscillating baffle 
contactor which is classified as a continuous differential 
contactor. In order to make comparisons over the wide range 
of C . D . C ’s emphasis in this review will be placed on one of 
each type of extractor that falls in this category i.e u n ­
agitated (spray contactor), rotary agitated (rotating disc 
contactor) and pulsed agitated (pulsed sieve plate) contactors
2.2 Mass Transfer Studies in Extractors.
2.2.1 Spray C olumns.
Elgin and Browning (El) were among the first of the many w o r ­
kers to report mass transfer data for Spray Columns. They 
studied the extraction of acetic acid from aqueous solution 
of isopropyl ether. Appel and Elgin (Al) reported on the ex­
traction of acetic acid from water by benzene and! methyl iso­
butyl ketone (M.I.B.K). Since the pioneering work of Elgin 
and co-workers, many workers have reported mass transfer 
studies for Spray Columns.
Laddha and Smith (LI) using the Colburn and Welsh (C8) techni­
que studied the effect of flow rate on the individual mass 
transfer resistance for each phase, for counter diffusion of 
binary systems. They found that the HTU of the dispersed 
phase was independent of variations of continuous phase flow 
rate, while HTU for the continuous phase was dependent on both 
continuous and dispersed phase flowrates. Individual film 
resistances have also been reported by Smith and Beckam (S12) 
and Hong (H15) for transfer by the counter diffusion technique 
with similar results. Ruby and Elgin (R7) studied u n i d i r e c t ­
ional diffusion for several systems, and reported continuous 
phase mass transfer rate coefficients for a wide range of 
Reynolds number.
Hughmark (H17) reported mass transfer correlations in terms of 
the Sherwood, Reynolds and Schmidt diminsionless groups, he 
also compared correlations for mass transfer between single
drops and swarms of drops.
2.2.2 ' 'Rotating Disc Contactor R P C .
Vermijs and Kramers (V3) reported performance studies on the 
RDC for the extraction of acetic acid from M.I.B.K. by water. 
They studied the effect of operating conditions - rotor speed, 
flowrates, and feed ratio - on contactor performance. For 
each of the rotor speeds studied the overall mass transfer 
coefficient of the dispersed phase increased to a maximum value 
(critical value) and then decreased with increase in hold-up. 
They ascribed this effect to back-mixing in the continuous 
phase due to entrainment of the dispersed phase.
G e l ’Perin (G8) studied mass transfer rates in RDC for three 
systems with different physico - chemical properties. Local 
concentrations have been examined and smooth axial change in 
concentration was found. Optimum operating conditions were 
also reported. Reman and Olney (Rl) correlated their mass 
transfer data with a power input factor.
Logsdail and Co-workers (L8) proposed a correlation for esti­
mating the overall height of a transfer unit based on the c o n ­
tinuous phase.
Strand, Olney and Ackerman (S17) analysed the data of several 
previous workers as well as their own and reported on the p e r ­
formance of R.D.C for several ternary systems. The behaviour 
of a swarm of drops in the rotating field was found to be a d e ­
quately represented in most respects by single drop dynamics. 
They suggested a scale-up procedure based on the mass transfer 
data corrected for axial mixing for the design of industrial 
columns.
2.2.3 Pulsed Plate Extr a c t o r s .
Sege and Woodfield (S5) reported on the extraction of uranyl 
nitrate with tributyl phosphate in a pulsed sieve plate column.
Effects of operating conditions and plate design on extraction 
efficiency were studied. It was found that extraction effici­
ency increased with increase in pulse frequency or amplitude.
Thornton(T12) and Logsdail and Thornton (L9) reported mass 
transfer data for solute transfer from dispersed to continuous 
phase and vice-versa for a number of aqueous - hydrocarbon 
solvent systems with water as the continuous phase. They p r o ­
posed a correlation for (HTU)q c  in term of dispersed phase 
hold-up, characteristic velocity and physical properties.
Smoot and Babb (S13) studies mass transfer from organic to 
aqueous phases in a pulsed sieve plate column. The effects of 
column geometry and operating variables on the longitudinal 
solute concentration gradients for both phases of two ternary 
systems were reported.
2.3 Drop S t u d i e s .
2.3.1 Drop Size and Size Distribution.
The drop size distribution is an impotant aspect of liquid- 
liquid dispersions. It not only affects the physical behaviour 
of the dispersion, but also determines mass transfer rates in 
the system.
Research workers have used various relationships to express the 
size distribution. The relationships frequently used are the 
normal and log-normal distribution (B6, G9, K 1 , Mil, N2, S15) . 
It is quite common for the droplet size distribution to be 
represented by a median or by some mean diameter. For droplet 
analysis of liquid-liquid dispersions, the Sauter mean drop 
diameter ( d ^ )  widely used.
Thornton and Bouyatiotis (T13) developed a correlation for d ^  
in a fully baffled vessel.., -their correlation is as follows:
Keey and Glen (Kl) studied drop size distribution in a con­
tinuously operated baffled vessels with six-blade paddle 
agitators. Diameter frequency plots showed drop size to have 
a log-normal distribution. Their correlation for diameter is:
0 . if 1 . 2  1 2
d32 = 3.165 x 10 Da  /(NDa ) jDy / Da) ...2.2
Skelland and Lee (S9) proposed a correlation for d 70 when
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about 501 of the possible mass transfer had occured during 
batch operation. Their correlation is:
_if 0 . 1 8 8  _ 1 . 0 3 4 _ 0 . 5 5 8 _ 1 . 0 2 5
d32 = 6,713 x 10 $ f  daA ^N Re^ ^N oh^
Tavlarides and Stamatoudis (Tl) presented a tabulation of the 
most important reported correlation for Sauter mean drop 
diameter along with the ranges of operating variables and 
physcial parameter over which they are valid. They reported
that the most frequently reported correlation is of the form:
d 32^DA = k l (1 + k 2 ^  ^Nwe) ^  ...2.4
where k-^ , k 2 and k^ are constants.
2.3.2 Interfacial Area Me a s u r e m e n t .
Many methods have been reported in literature for the m e a s u r e ­
ment of interfacial area. The various method can be generally 
classified into (a) the direct methods and (b) the indirect 
methods.
(a) Direct Methods
Direct methods for obtaining interfacial area are based on the 
measurement of the drop size distribution.
The simplest of these methods, used by a number of workers 
(C4, Kl, R5, S4, S6) , was to photograph directly throjAgh:-„a: w i n ­
dow of the vessel. This technique can only be used for low 
hold-up fraction or for positions very close to the vessel walls 
due to the interference of the optical path by the presence of 
d r o p s .
Some research workers (CIO, G9, L3) have taken photomicrographs 
through a vessel window. Coulaloglou and Tavlarides used a 
photomicrographic probe assembly which enabled them to measure 
the drop size distributions at various depths in the vessel. 
Other workers (M9, S7) used the sample withdrawal method. By 
this method a sample is withdrawn, and a surfactant added to 
prevent coalescence. The sample is then analysed for drop size 
distribution by one of the methods above.
Park and Blair (PI), developed a new technique. They used a 
fibre optic probe in combination with cinephotography to m e a ­
sure drop size distributions.
(b) Indirect M e t h o d s .
Of the indirect methods used to measure interfacial area, the 
chemical method and the light transmittance method are con­
sidered to be the most important ones (Tl).
The chemical method was first proposed, by Nanda and Sharma 
(N3). Liquid extraction accompanied by fast pseudo - first 
order reaction was used to evaluate the effective interfacial 
area. This method has since been used by a number of workers 
using esters of formic acid, chloroacetic ; acid and oxalic acid 
which are sparingly soluble in water.
Tavlarides and Stamatoudis (Tl) suggested that the disadavant- 
age of this method is the effect of the mass transfer on the
I
physico-chemical properties of the dispersion since, mass trans­
fer can affect the interfacial tension and thus the interfacial 
area.
The light transmittance method has been used by a number of 
research workers for estimating interfacial area. Tavlarides 
and Stamatoudis provided a list of most of these workers.
By this method a beam of light is passed through the dispersion, 
and due to the presence of the droplets only a small fraction 
of the light is transmitted. This transmitted light is a funct­
ion of total interfacial area. Calderbank (C2) developed an 
expression for the transmitted light assuming uniform drop 
s i z e .
2.3.3 Movement and Beh a v i o u r .
2.3.3.1 Drop V e l o c i t y .
The movement of drops through the liquid media is characterized 
by their terminal velocity. Drop velocities in liquid-liquid 
systems have been studied by many workers. A list of these 
workers are provided in the bibliographies of Treybal (T14). 
Heertjes and De Nie (H9) and Laddha and Degaleesan (L2) .
The basic expression for the terminal velocity of drop was 
derived by Hadamard (HI) and Rybczynski (R9) working inde­
pendently. They applied a viscosity correction factor to the 
well known'Navier - Stokes equation. For the terminal v e ­
locity of a rigid sphere moving in a continuous liquid, the 
Hadamard and Rybczynski expression is:
Hu and Kintner (H16) studied the motion of single drops of a 
number of organic liquids falling through a stationary water 
phase . They presented a correlation in the form of a single 
curve which can be used directly to predict the terminal v e ­
locity for any given drop size.
U t = (pd ’ pc )2d
2
. . .2.5
18y c 3yd + 2yc
Klee and Treybal (K2) measured terminal velocities of liquid 
drops rising and falling in liquid media. They studied eleven 
liquid systems covering a wide range of physical properties 
and, proposed correlations for each of the two velocity - drop 
diameter regions which can be used to compute terminal v e ­
locities of drops.
Their correlations are:
Region 1. where velocity increases with increasing drop diameter.
_ 0 . U 5 0 . 5  8 _ 0 . 1 1  0 * 7 0
Uti = 38.3 Pc AP yc ^ ...2.6
and Region 11 where velocity remains almost constant with in­
creasing diameter.
_ 0 , 5 5 0 . 2 8 . 0 . 1 0  0 . 1 8
U til = 17,6 pc Ap y c a ...2.7
Thornsen, Stordalen and Terjesen (T9)I studied the terminal v e ­
locities for drops of organic liquids falling through water 
for seven high interfacial tension systems. They proposed the 
following empirical equation for terminal velocity.
U = 
t
They also showed that for very pure systems the value obtained 
for non-oscillating drops greatly exceeded those previously 
repor t e d .
2. 3. 3.2 Drop Interaction.
Drop interaction in liquid-liquid dispersions is characterized 
by the breakage and coalescence of droplets. Drops break as 
a result of the turbulent eddies surrounding their surface 
which causes pressure fluctuations on their surfaces whereas 
coalescence occurs through the collision of two drops.
6.8
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Drop B r e a k - u p .
The theoryjof drop break-up, based on the theory of homogenous, 
isotropic turbulence was developed by Kolmogoroff (K2), he 
derived the following relationship for maximum stable drop 
d i a m e t e r .
3 o . 0 . 6
rs = 2 (Da / U ) (a/k£pc) ...2.9
where U is the isotropic flow velocity, k £ is a c o e f f i c i e n t , ^  
is the radius of a stable drop, the above equation was also 
developed independtly by Hinze (H12).
Sleicher (Sll) tested equation (2.9) by studing the stable 
drop size of dilute dispersions flowing through pipes under 
turbulent conditions. He observed, using high speed p hoto­
graphy, that there were at least two type of break-up m e c h a n ­
isms. He found that break-up of drops occured by the drops 
stretching considerably and then fragmenting into two drops of 
approximately the same diameter. The second type of break-up 
mechanism observed was that of a small drop being stripped 
from a larger one (this type being less frequent than the 
fir s t ) , and proposed the following correlation for maximum 
stable drop size:
Nw e K U^ 0,5 = 38 1 + 0 . 7  (ydU/a)
. . .2.10
It must be noted that throughout S l e i c h e r ’s experimental work 
the dispersed phase hold-up never exceeded 1.7%, thus eliminat­
ing the possibility of coalescence.
Drop Coalescence.
The coalescence of two drops is accomplished by the draining 
and rupture of the film of the continuous phase. Most of the 
research work reported on coalescence was for coalescence 
between a drop and a flat interface. A list of this work is 
given by Tavlarides and Stamatoudis (Tl, pg.215), and a
summary of coalescence and the factors affecting coalescence i 
given by Jeffreys and Davies (J5).
The basic expression describing drop coalescence rate is given 
by Tavalides and Stamatoudis and is:
F(a,a') dada* = A(a,a') z (a,a’) dada' ...2.11
where F ( a , a f) d a d a 1 = No of coalescences per unit volume of
dispersion per unit time.
A ( a , a f) = Collision efficiency of a collision
between droplets of sizes a and a*. 
z(a,a') dada* = No of binary collision between drop of
size a and a ’ per unit volume of di s ­
persion per unit time, 
a , a ’ = drop diameter.
They also discussed the most important developments by various
workers for the collision efficiency and collision rate, point 
ing out that gravity can play an important role in collision 
rates for systems with large density difference between c o n ­
tinuous and dispersed phase.
Jeffrey and Hawksley (J4) studied the effect of physical p r o ­
perties on the rate of coalescence and proposed a correlation 
of coalescence time and coalescence time distribution with 
the physical properties of the system.
Delichatsios and Probstein (D6) derived an equation between 
coalescence frequency resulting from binary collisions and an 
effective break-up frequency which yielded a s.emiempi'rical r e ­
lationship for the increase in drop sizes with hold-up.
They reported that increased drop size with higher fractional 
hold-up can only be accounted for by allowing for coalescence, 
turbulence damping playing a secondary role. This is contrary 
to the agruments put forward by Doulah (D6) who argued that 
the increase in mean drop diameter can be adequately explained 
by increased damping of the turbulence.
Johnson and Bliss (J8) reported that the rate of coalescence of 
drops increased when solute transfer occurred from the droplet 
phase into the continuous phase and decreased during the re­
verse transfer.
Groothius and Zuiderweg (Gil, G12) demonstrated with the aid of 
photographs, the influence of direction of solute transfer.
They showed that the addition of about 1.5 percent by weight of 
solute to the dispersed phase resulted in a twenty-fold in­
crease in coalescence rates.
2.3.4 Mass Transfer To and From D r o p s .
The complex process by which solute is transferred from one 
liquid media to another liquid media has been investigated by 
numerous workers over the past two decades. Initially, workers 
studied mass transfer between a single solid particle and the 
surrounding fluid. The solid particle behaviour was then ex­
tended to liquid droplets, first to the single drop system and 
then to the multi drop system.
2.3.4.1 Mass Transfer in the Dispersed P h a s e .
The extent of mass transfer in the dispersed phase ranges from 
mass transfer from a small drop (rigid sphere) with no ci r ­
culation, to transfer from a relatively large drop (non-rigid) 
with fully developed internal circulation.
(a) Rigid D r o p .
Treybal (T14 pg.186) proposed the following correlation for 
the unsteady state variation of average solute concentration x 
with t:
where x and x. are the intitial uniform solute concentration 
1
and the constant interfacial value respectively, the 
diffusivity of solute in the dispersed phase, and d^ is the 
particle diameter. This relationship assumes that there is 
no continuous phase mass transfer resistance. For a linear 
concentration difference driving force they proposed the 
following relationship for the dispersed phase mass transfer 
coefficient k^:
kd = 2TrPd :/3d ...2.13
(b) Non-Rigid D r o p .
The transfer to and from non-rigid drops is more complex due 
to internal circulation and drop oscillation. As a result of 
this the mixing in the drop is by turbulent and laminar ci r ­
culation.
Kronig and Brink (K8) proposed a relationship for the regime 
of laminar circulation using Hadamard stream lines for drop 
circulation, which when simplified (T14, T 8) resulted in the 
following relationship for the dispersed phase mass transfer 
coefficient:
k, = 1 7 . 9 ©  ,/d ...2.14d d p
Handlos and Baron (H3) considered the case of fully developed 
internal circulation (turbulent regime) and proposed the 
following relationship:
k, = 0.00375 U. 
a ------------ L_ ...2.15
i + Cyd /yc)
This relationship was verified by Skelland and Welleck (S8) 
and by Johnson and Hamilec (J6) . Orlander (03) reported 
deviations on the Handlos and B a r o n ’s model for short contact 
times, and suggested a correction to their equation resulting 
in the following relationship:
kd = 0.972 kHB + 0.075 d/t 2.16
where k^B is dispersed phase coefficient as calculated by the 
Handlos and Baron model.
Most of the workers combined the effect of oscillation with 
internal circulation. However, Heertjes and De Nie (H9) r e ­
ported that there are cases in which the effect of oscillation 
is known to be much larger than the effect of circulation. 
Angelo et al (A3) using a model based on surface stretch and 
internal mixing of the drop, proposed the following empirical 
relationship for k^:
where oj is the frequency of oscillation an e 0 a dimensionless 
factor for the amplitude.
2.3.4.2 Mass Transfer in the Continuous P h a s e .
(a) Rigid D r o p s .
Griffiths CG10) studied mass transfer from a single stationary 
drop suspended in a flowing continuous phase media. He p r o ­
posed the following correlation for the continuous phase mass 
transfer coefficient:
where the value of 3 varied from 0.63 to 0.70 and is dependent 
on the droplet - phase liquid. Similar correlations were also 
proposed by Rowe, Claxton and Lavis (RIO) and Keey and Glen 
(Kl) with a value of 0.76 for 3 .
(b) Non-Rigid D r o p .
k, , = (4£) a)(1 + e •)/tt) 2
u 0
2.16a
i
. . .2.17
Numerous workers (E4, G4, G5, H17, R 7 , Wl) have reported c o n ­
tinuous phase mass transfer coefficient correlations for c i r ­
culating and oscillating drops.
Griffith(GlO) used boundary theory and hypothetical streamline 
pattern inside the drop and proposed the following correlation 
for continuous phase film coefficient:
<N S h V  “ 2 + A ^ f N Re^c CNS c ^  C V ' * "
or ^ S h k  = 2 + i - 1^ NP e )i k r ° ’ 33 ...2.19
where k is a function of (Uj/U ) and N n . 
r v d' c J Re
This equation reduces to the Boussinesq(BS) type equation for
circulating drops at high Npe values as given below
1
(NS h )c = 1. 13(Np e ) 2 ...2.20
Hughmark (H17) reported correlations for mass transfer in a 
spray column. He suggested that continuous phase mass trans­
fer coefficient can be predicted from correlation for single 
drops providing the viscosity ratio hc/lJ(j is less than one.
The following correlation was proposed for the oscillating 
liquid drop:
*q3 / 2
0 . 4 8 4  0 . 3 3 9 2/3 0 . 0 7 2
2 + 0.084 (NRe) (NS c ) (dp g /£ ) )
V. .2.21
NSh
2.3.4.3 Mass Transfer in Drop S w a r m s .
Ruby and Elgin (R7) were among to the first research workers to 
report data for mass transfer in drop swarms. They proposed a 
graphical correlation for continuous phase mass transfer c o ­
efficient which was modified by Treybal (T14) resulting in the 
following correlation:
°.57 — °*1 5 ri-d)') 222
(Ns h )c ■ 0.725 (Npe)c (NS c )c U  *<!> •••2 -22
Hughmark (H17) compared mass transfer data for single drop 
and swarms systems. By using the single drop correlation and 
the Ruby and Elgin correlation for a drop swarm, he found for 
viscosity ratios (hc/yj) less than one, the mass transfer 
coefficients for single drop, and drop swarm, were a pproxi­
mately the same, while for viscosity ratios greater than one, 
interaction effect of the drop swarms reduced the coefficient 
from that of a single drop. Other workers who reported data 
on drop swarms include Gal-or and Hoelscher (Gl) , Calderbank 
and Moo-Young (C2), and Olney (02) .
More recently Korchinsky and Cruz-Pinto (K6) used local rather 
than average mass transfer coefficients to calculate mass 
transfer rates. They predicted extraction efficiencies for 
rigid and non-rigid isolated drops and compared the predictions 
and experimental data by applying the isolated drop model p r e ­
dictions to swarms of drops in a R.D.C. They reported that 
model predictions of extraction efficiencies for swarms of 
drops can only be obtained with sufficient accuracy (-20 1) if 
the effects of varying continuous phase concentration and dis­
persed phase mass transfer coefficients, and of drop size d i s ­
tribution, are included in the theoretical model.
2.3.5 Interfacial Turbu l e n c e .
The effect of interfacial turbulence on mass transfer in liq­
uid-liquid extraction is of prime importance,due to the sub­
stantial increase it i n d u c e s o n  the rates of mass transfer 
between the two phases. This phenomena has been studied by 
numeous research workers over the past four decades. Wei 
(W4) reported a v a r i e t y  of interfacial disturbances, ranging 
from rippling and twitching of the interface to spontaneous 
emulsification in the vicinity of the boundary between phases.
Garner et al (G3), reported interfacial behaviour of pendant 
drops of various organic liquids containing 2 to 30% solute 
with distilled water as the surrounding liquid. They found
that twitching and rippling of the interface occurred from
time to time with periodic pulsations of the entire drop.
This phenomena was also observed by Garner et al (G2) for drop
moving slowly in a liquid media.
An excellent review of interfacial phenomena is provided by
Sternling and Scriven (S16) . They suggested that interfacial 
phenomena can assentially be explained by the Marangoni effect 
wherein movement in an interface is caused by longitudinal 
variations of interfacial tension. Using a simplified m a t h e ­
matical model they suggested a number of factors by which inter­
facial turbulence is promoted.
An extensive review of interfacial phenomena and the research 
work reported in this field is given by Sawistowski (SI), a 
more theoretical treatment of this phenomena is given by Davie 
and Rideal (D4).
2.4 ' Axial M i x i n g .
In liquid-liquid extraction a knowledge of the extent of axial 
mixing is important, since this is one of the important factor 
that affects the extraction efficiency of the contactor.
The literature on axial mixing is extensive, and only the work 
that is pertinent to the present study will be referred to. A 
good understanding of the subject can be obtained from Misek 
and Rod (M5) and Ingham (II), who has written an excellent 
summary of the literature on axial mixing.
Levenspiel and Smith (L5) suggested that logitudinal mixing of 
fluid in flow can be characterized by a single parameter E, 
the longitudinal or axial dispersion coefficient. Methods 
for determining this parameter from residence time distribut­
ion studies are reported by Levenspiel and Smith (L5) , Van de 
Laan (VI), Aris (A2) and Bischoff (B3).
Strand, Olney and Ackerman (S17) studied axial mixing in a R. 
D.C. They defined the axial mixing effect as a combination of 
the eddy diffusion effect, and a spreading effect that is 
specific in the forward direction, the latter effect being due 
to either channelling or to the Taylor type of diffusion (T2). 
They criticized the validity of applying a simplified di s ­
persion coefficient to drop population and proposed the
following expression for single phase flow:
2 2 ...2.23E c/ UH = 0.5 + 0.09 (DaN/U) (Da /D )  (S/D) - (DA/D )
for Da N /U  < 30
where H is the compartment height and S is the stator ring 
opening other variables are described in the nomenclature of 
the present work.
About the same time as Strand et al (S17), an independent paper 
by Westerterp and Landsman (W6) on axial mixing appeared.
They showed that the apparent axial diffusivity may be con­
sidered as the sum of a flow contribution and a rotational 
contribution which can be represented by the following ex­
pression:
Klinkenberg (K3) presented a detailed discussion of axial m i x ­
ing studies reported by a number of workers. In a separate 
short note (K4) a few years later he discussed the concept of 
backmixing, which he divided into "backmixing(1) and "back- 
m i x i n g ^ ) .  He defined the former as a mechanism by which a 
phase moves against its flow and the latter as any mechanism 
by which a spread of residence time is brought about.
The effect of axial mixing on extraction efficiencies was 
studied by Sleicher (S10), Miyauchi and Vermulen (M7) and 
Bibaud and Treybal (B2). They all used the diffusion model as 
developed over a number of years by various research workers. 
Rod (R4) claimed that the methods used by the above workers 
are based on a simiplified model and their application is 
limited, especially by the condition of .linear equilibrium r e ­
lationship. He proposed a finite difference method for solv­
ing the diffusion model. This solution can be used for n o n ­
linear equilibrium relationship and is straight forward in case 
of backmixing in single phase.
E c
C XN ♦ C 2 U ...2.24
2.5 H o l d - u p .
Hold-up of dispersed phase in liquid-liquid contactors has been 
studied by many workers, and the data reported is highly de­
pendent on the method used to determine it. The methods widely 
used are (a) the drainage method (b) displacement and (c) the 
manometric method, which are adequately described in the text 
(L2,T 1 4 ) .
Minard and Johnson (M2) studied hold-up in a spray tower of 
the Elgin design (E3). They used a tetrahedron model with 
droplet fixed at each of the corners to express the hold-up in 
terms of drop diameter and interstice area as follows:
<i> - V ^ i T  (D/x ) . . .2.25
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They used the manometric method to measure pressure drop across 
the contactor and found the pressure drop for the continuous 
phase expressed as feet of continuous phase per foot height of 
column is proportional to hold-up for any specific liquid sys­
tem. Hughmark (H17) also studied hold-up in a spray column.
He' reported that dispersed phase hold-up can be predicted as 
a function of the ratio of the dispersed phase superficial v e ­
locity to the terminal velocity of the drop.
Misek (M3) reported hold-up studies for different types of 
agitated liquid extractors. He investigated the effect of 
flowrates, drop velocity and settling and coalescence of drops 
on dispersed phase hold-up. The following equation was proposed
Ud/4> + U c = U o (l-4>) exp.
(1-40
where Z the coalescence coefficient and U the characteristic 
c o
velocity are constants for a given system and given mixing 
rate. He claimed that this equation is more accurate than the 
ones proposed by Thornton and co-workers (Til) and Pratt (P2)
<KZ-4.1) 2.26
in describing the hydrodynamic behaviour oa an agitated ex- 
trator.
Gayler and Pratt (G6) working with packed columns, proposed a 
simple expression for hold-up as follows:
(e0o - i v Y )3
where U Q is the mean drop velocity at U c = 0, e is the fract­
ional free space of packing and Y is the fraction of free .
cross-sectional area of the column used for countercurrent 
flow of continuous phase.
Johnson and Lavergne (J7) suggested that this equation for cal­
culating hold-up was over simplified and they proposed a more
complex equation which can be used for any liquid extractor.
With regards to the methods used for measuring hold-up. Gayler 
and Pratt (G6) found that the manometric method gave inaccu­
rate results. He explained this algebraically by assuming the 
solvent is present as a continuous stream instead of an dis­
crete droplets. Their measurements were done by the drainage 
m e t h o d .
On the other hand, Vermijs and Kramers (V3) working with the 
R.D.C found that the manometric method measurements were far 
more accurate than the displacement method. The manometric 
method was also used successfully by Minard and Johnson (M2), 
and Chiu (C5), Weng (W5), and Clare (C7) working with single 
oscillating baffle column of small sizes.
2.6 Flooding Stu d i e s .
Flooding in the various types of extractors has been investi­
gated by numerous workers. The poineering work on flooding in 
liquid-liquid contactors was done by Blanding and Elgin (B4) 
working with spray towers. They proposed three equations which
can be used to calculate flow rates at flooding.
Minard and Johnson (M2) carried out flooding studies in a spray 
tower and proposed the following correlation for limiting flow:
0 . 5 0 . 0 5 0  0 . 5 1 0 . 0 7 0  0 . 1 4  _ 0 . 50
V
c - i .s o  dp yc (pd '/Pc 1) V  + 4 7yc Ap pc
...2.28
Logsdail, Thornton and Pratt (L8) reported flooding studies 
for a R.D.C using a number of solvent- water systems. Data 
was interpreted in terms of the characteristic droplet v e ­
locities U^(i.e mean droplet velocity at substantially zero 
flowrates) and these were correlated with the column geometry 
and physical properties as follows:
UN yc = 0 »012/rAp^\ ° ‘ 9 V  g V 1 * V d i \ " Yh V ‘ Vda \  * 7 ...2.29v J Ww v^7 w [—j
where d^ is the internal diameter of stator and h is the stator 
spacing.
Smoot, Mar and Babb (S14) proposed a generalized correlation 
for calculating flooding conditions in pulsed seive-plate 
column. They derived a dimensionless equation and used the 
flooding data reported by four workers (665 experiments) to 
obtain the following correlation:
5 0 . 6 3 0 . 4 5 8  0 . 0 1 4
Uc + Ud = 3-20 x 10 Ap d u c ...2.30a
0 . 1 4 4  0 . 2 0 7  0 . 2 0  0 . 0 1 4
*f yd d
where iji is a power function defined by
2 2 3
* = '.ei-.O i fal , ...2.30b
2 2 
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and f = pulse frequency
a = pulse amplitude
0 = fractional free space per plate
C = orifice coefficient = 0.60 o
L = plate spacing
It was found that the total flooding velocity was independent 
of the extractor diameter.
Flooding studies have also been reported by Johnson and Bliss 
(J8) , Elgin and Foust (E2) Dunn, Lapidus and Elgin (D9) for 
spray contactors, by Dell and Pratt (D9), Venkataraman and 
Laddha (V2) for packed contactors, by Reman (R2), Thornton and 
Pratt (T10) for rotary agitated contactors and by Jackson et al 
(Jl), Hafez et al (H2), and Bender et al (Bl) for pulsed agi­
tated contactors.
It is important to point out that the majority of flooding, or 
limiting flow studies which are the basic criteria used for 
fixing the optimum operating conditions for contactors, has 
mainly been done with non-transfer systems. The presence of 
solute can have a significant effect on interfacial tension 
and hence on the hydrodynamic conditions in the contactor.
Thus, the use of solute free correlations for establishing 
optimum operating conditions can give inaccurate results, since 
the primary function of the contactor is the extraction of 
solute.
2.7 Power Studies.
White and co-workers (W7) were the first ot point out the 
possibility and advantages of correlating the performance of 
mixing impellers by the use of dimensional analysis and a 
study of models. Further theoretical analysis were reported by 
Hixon and co-workers (H13, H 1 4 ) .
The classic work on industrial mixing operations was that of 
Rushton, Costitch and Everett (R8) . They carried out a com-
prehensive study on the effect of physical properties of
liquid, impeller size and type, tank size, and baffles on
power consumption. They correlated their data in the form of
dimensionless parameters and reported power data for Reynolds
7
number ranging from 1 to 10 . They proposed a general cor­
relation for power in terms of physical variables most often 
encountered in mixing with a single impeller, centered in a 
cylindrical, vertical axis, flat-bottomed tank. For a system 
with fixed geometric boundary conditions, the equation reduces 
t o :
N p = K(NR e )m (Npr)n ...2.32
and for a fully baffled vessel where (Npr )n is equal to 1 
equation (2.32) becomes:
N p = K(NR e )m ...2.33
For baffled mixers, m varies from -1.0 in the steamline r e g ­
ion to zero for fully developed turbulence. The three regions 
are as follows:
Re < 10 Streamline Region 
«♦
10 < Re < 10 Transition Region
k
Re > 10 Turbulent Region
Flynn and Treybal (FI) carried out power studies on continuous 
flow six bladed turbine agitated extractors. The systems 
studied were toluene - water - benzoic acid and kerosene - 
water - benzoic acid. It was found that the power required 
for a given impeller speed was independent of the rate of 
flow of liquid. Extraction stage efficiencies were found to 
be appreciable at zero agitator speed, and the additional stage 
efficiency produced by agitation was found to be a function of 
the power input per unit volume of liquid flowing.
Miller and Mann (Ml)reported power data for various designs of 
agitators operating in single and two-phase liquid mixtures in
unbaffled tanks. They found that the power required to agitate 
a system of two immiscible liquids may be correlated by a 
power function - Reynolds number plot, if the average density 
of the mixture, and a weighted mean of the viscosities of 
the two phase are used in calculating these functions. They 
also reported that succussful scaling up of small scale mixing 
equipment can be achieved by designing large equipment which 
is geometrically similar and by applying equal power per unit 
volume in both sizes.
Olney and Carlson (01) basing their methods of analysis on 
that of Miller and Mann (Ml) reported power data for disperser 
and spiral turbine impellers operating in several single 
liquid and two phase immiscible liquid systems. In order to 
bring the power equation (Equ.2.33) into a form comparable 
with the standard heat and mass-transfer equations, they 
modified it by multiplying both sides by the Reynolds number 
resulting in the following equation:
Pv g c/ N %  = Ci (Nd2p/y)x f ...2.34
where Pv the power per unit volume replaces the P/d term and 
x^, is the Reynolds index for fluid friction or momentum 
transfer. The modified power number is termed by "power 
function", and it represents the ratio of applied torque to 
viscous forces. By using average densities and viscosities 
for the mixtures, fair agreement between single and two phase 
power data has been obtained.
Jealous and Johnson (J2) studied power requirement for gen e ­
rating pulses in a 50 ft high and 24 inches diameter sieve 
plate liquid-liquid extraction column. They proposed an 
equation in differential form for calculating the theoretical 
power applied by the pulser.
Misek (M4) studied power consumption for discs rotating in 
geometrical arrangement, usually found in R . D . C ’s. The results 
has been reported in a form similar to Rushton et al( R 8 , equ.
2.33). They compared their results with previous research 
workers and suggested their results can be applied with con­
fidence also to large diameter discs.
Some of the other workers to report power studies in mixers 
were Reiger and Novak (R3) who studied mixing of non-newtonian 
fluid with various types of conventional agitators, and 
Ulbrecht (Ul) who studied agitation with flat-bladed turbines.
CHAPTER
THEORY
3.1 Analysis Of Extractor Efficiency
3.1.1 Equilibrium
In liquid-liquid extraction processes, the extent of transfer 
of solute from one liquid (feed) phase to another liquid (solvent) 
phase is dependent on how far removed f r o m 'equilibrium the 
system is. Hence, accurate knowledge of phase equilibrium of 
the component involved is of prime importance in the determination 
of extraction efficiency.
For two phase ternary liquid systems, distribution curves are 
used to establish relationships between solute content in the 
phase at equilibrium. The simplest and most widely used d i s ­
tribution curve consists of a plot of the concentration of 
solute in the solvent phase against equilibrium concentrations 
of solute in the feed phase on rectangular co-ordinates.
Thus if y* represents the solute concentration in the solvent 
phase on x* the solute concentration in the feed phase at 
equilibrium, - for the present studies y represents solute 
concentration in the aqueous (continuous) phase and x the c o n ­
centration in the organic (dispersed) phase - then from N e r n s t ’s 
distribution Law (Nl). The two concentrations are related by 
the following equation;
y* = m x*   (3.1)
y*
i.e. ^  = m = constant.
X
Where m is the distribution coefficient.
However, this law in its simplest form has theoretical limi­
tations in that it applies only to (a) dilute, almost ideal 
solutions, and (b) cases where the solute has the same molecular 
weight in both solvents. When the solute does not have the same 
molecular weight in the two liquid phases the simple form of the 
distribution law breaks down and allowance must be made for this 
in the equilibrium relationship for the law to be applicable.
One of the systems used in the present studies is.'..CGL^-'HAC-J^O. 
Chaikhorskii et al (C13) studied the behaviour of acetic and 
(HAC) in carbon tetrachloride (CCL^) under conditions of ex­
traction and found that acetic and molecules are present, in 
CCL^ predominantly in a dimerized s t a t e . This presented a problem 
in the present studies, since the molecular weight of the solute 
in the two phases is not the same, thus making the simple form 
of the distribution law inapplicable (i.e. 1 m ' is not constant, 
but varies with concentration).
In order to overcome this difficulty, equilibrium data was 
determined experimentally as described in Appendix A . I . 2. This 
data was fitted to an equation of the form;
which was used as the equilibrium relationship for the CCL^- 
H A C-H 2O system where necessary.
It is important to point that this type of relationship is an 
empirical correlation of the equilibrium data and must not be 
confused with the simple relationship associated with the 
distribution law as described above.
5.1.2 Concentration Profile Based On Piston Flow Assumptions
Consider solute being transferred from the organic phase to 
the aqueous phase which are flowing countercurrently through 
the extractor as shown in Fig. 3.1. Let the solute concentra­
tion - based on solute free solvent - in the aqueous continuous 
and organic dispersed phases be y and x respectively and Qc 
and Qj the flowrates of the dispersed and continuous phases 
respectively.
Assuming piston flow, at steady state the material balance 
over the whole contactor ■ (Fig. 3.1) is;
CCL4 -HAC-H7O system - where y^ = 0
Organic
Phase
QdxT
x+dx
x
ik— L
V b ------ *
Aqueous 
  Phase
 * ^cyT
T T
y , ----------h = H
.y+dy
y dh
y l .Z = 0
 >QcyB
Fig.3.1 Piston Flow Model for Evaluation 
of Extractor Efficiency
-> CCL^ - HAC - H^O system y^ = 0
-> MIBK - HAC - II20 system y^ = 0
Qc %  + xr XB  •• (3.3)
Qc
putting Yg = 0, phase ratio q j  = R and rearranging 
Xrp = Ry\g + Xg   (3.4)
Thus the general relationship between concentrations in the 
phase at any section in the contactor.. i will be, for the n^*1 
section
xn = R^n + X B........................................... ...  f3 ‘5)
M IBK-HAC-H2O system - where y^ = 0
Qc yx + ^d X B = °-c y B + ^d XT..................... ...  (3 -6 )
5c
putting y,p = 0, phase ratio q-j- = R and rearranging
xg ~ Ry-g "*■ xrj-i ....... (3.7)
and the general relationship for any position n is;
x n = Ryn + X T ...  (3 -8 )
5.1.5 Number of Transfer Units - NTU
From the two-film theory (Chapter 1.2.2) the rate of solute 
transfer in terms of the overall mass transfer coefficients 
are (Eqns. 1.3-1.4).
N = Kc a (y* - y) ...  (3.9)
N = Kd a (x - x*) ...  (3.10)
where N = Rate of mass transfer per unit volume
Kc a, a = Overall mass transfer coefficient base 
on continuous and dispersed phase r e s ­
pectively.
If A is the cross-sectional area of the contactor, then the
mass transfer rate in a differential section dh (Fig. 3.1) 
is given by
dN == Kc a (y* - y).A.dh   (3.11)
and
dN = Kd a ( x  - x *) .A .dh   (3.12)
A material balance over the differential section;dh g i v e s ;
dN = (y + dy) - y = Qd (x :<:+ dx) - Q d x  ... (3.13)
i.e. dN = Qcdy = Qd dx ....... (3.13a)
Substituting for dN in equations (3.11) and (3.12)
Q c dy = K q a (y* - y).A.dh ....... (3.14)
Qd dx = Kd a (x - x*) .A.dh   (3.15)
d y  Kc a .A.dh r-
From ( 3 . 1 6 ) ---    = ............  ........ (3.16)
(y* - y) 9c
dx . Kd a .A.dh
From (3.15) ---------- = — ......... ........ (3.17)
(x - x*) §d
The left hand side of equations (3.16) and (3.17) may be 
recognized as the number of times the driving force (y* - y) 
and (x - x*) can divide the change in extract and raffinate 
compositions d y  and d x  respectively. The number of transfer 
units which is a measure of the difficulty of separation are 
obtained by integrating equations (3.16) and (3.17) giving;
5.1.4 Height Of Transfer Unit - HTU
For piston flow the length of transfer unit is defined as follows
HT U C == H/NTUC ..._____  (3.21)
and HTUd = H/NTUd   (3.22)
From equations (3.18) and (3.19)
Op/A Ui
HTU. = -i—  = —    (3.23)
1 Ki a Kj a
where i refers to the particular phase.
Equation (3.23) can be recognized as the ratio of volumetric 
flow rate per unit cross section to the overall mass transfer 
coefficient.
3.1.5 True Value of NTU
The definition of the true value of NTU based on Colburn (144) 
is as follows;
NT U ct = Kc a. H/Vc   (3.24)
and NTUdt = Kc a. H/Vd ....... (3.25)
where Kc a is the true mass transfer coefficient for the system, 
.li
diffusion model (equation 3.65).
True values of Kc a can be obtained by solving the one-dimensional
The true height of transfer unit is defined as;
HTUt = K/NTU.   (3.26)
3.1.6 Measured and Apparent Measured Values of NTU
The concept of measured values of NTU has been introduced by 
Miyauchi and Vermulen (M8 ). Their purpose was to include 
the deviations from piston flow due to axial mixing. By
sampling both phases, they used real concentration profiles to 
calculate the number of transfer units by graphical integration 
of the following equation (See Fig. 3.1) .
NTU cm
and
y 1 y *  -  y
(3.27)
NTU dm
ry. dx
y X - X
(3.28)
and the measured values of HTU are given by
HTU = z/NTU- = K . .Z/U-
cm lm a im l
(3.29)
i refers to the particular phase under consideration.
A more detailed treatment of true and measured number of 
transfer units is presented in Section 3.3.
Thomas (T6 ) and Thomas and Chiu (T5) introduced the concept 
of "Apparent Measured NTU" which can be regarded as an extension 
of Miyauchi and Vermulen (M8 ) work. The difference between 
the "Measured" and " Apparent Measured" NTU is mainly experimen­
tal. For the latter actual values of y were obtained from 
experiment and x was calculated from a material balance assuming 
piston flow, while for the former both were obtained from 
experiment. This was due to the practical difficulties en­
countered in trying to sample the dispersed or "x" phase 
directly.
.owThe apparent NTU is evaluated by applying the piston flc.. 
model (Fig. 3.1) with graphical integration of the following
equations; 
NTU
c App.m
and
NTU
d App.m
ry, dy H
y2 (y* - y) HTU
dxf5
Jy x (x - x *)
c App.m 
H
HTU d App.m
(3.30)
(3.31)
3.1.7 Piston Flow Value of NTU
In the absence of axial mixing and if the operating and equi­
librium lines are linear, equations (3.18) and (3.19) can be 
integrated analytically to yield a log mean NTU based on end 
conditions;
NTU
ry s
cp
dy
yx (y* - y)
r-6- ~ yi
(y* - y) lm
and
NTU
ry-
dp
dx
y 1 (x - x*)
x 6 ~ X 1 
(x - x*)lm
where
- ys) - ( A  - /i)
(y* - y)LM = ------*-----------------
m  C(y5 - Y5)/(y*1 - Y )]
and
(x - x * )
(x5 - x*5) - (xx - x*x )
LM
In [ (x5 - xfc5 ) / ( ^ 1 - x*x ) ] 
Hence piston flow HTU is defined by
HTU = H/NTU „ cp cp
 ......  (3.32)
(3.33)
(3.34)
(3.35)
(3.36)
3.2 Residence Time Studies
3.2.1 Types of Flow Patterns
When fluid flows through a vessel, the type of flow pattern can 
be either ideal or non-ideal. There are two types of ideal 
flow which are regarded as the limiting cases; these are "plug" 
or ’’piston flow" and "perfectly mixed" or "backmix" flow.
Plug flow occurs when the fluid velocity gradient is uniform 
over the entire cross section of the vessel. Each element of 
fluid that enters the vessel moves through in "single-file" 
without intermingling with other fluid elements that entered
earlier or later. Perfectly mixed flow is the other extreme 
to plug flow and assumes that the vessel contents are completely 
homogenous down to a molecular scale - no differences at all exist 
between the various portions of the vessel, and the outlet stream 
properties are identical to the vessel-fluid properties.
For actual processes, such as the continuous differential 
contactor in which there is axial mixing, the flow patterns 
lie between these two extreme limits of ideal flow and is termed 
"non ideal flow". When studying the performance of these types 
of contactors it is important to study the effects of axial 
mixing on mass transfer since increasing axial mixing results 
in reduced mass transfer efficiency. The extent of axial mixing 
is usually evaluated from residence time distribution (R.T.D.) 
studies in the different phases. For the present studies R.T.D. 
studies are carried out in the continuous phase only. A detailed 
description of the method is given in Section 4.7.
5.2.2 Age Distribution Functions and F-Diagram
When fluid flows through a vessel elements of a stream of fluid 
entering the vessel at the same instant will take different 
routes through the vessel and hence different lengths of time 
to pass through the vessel. The distribution of these times 
when the stream of fluid leaves the vessel is called the resi- 
dence time distribution - R.T.D. - or exit age distribution E, 
of the fluid. The "age" of an element of fluid is defined as 
the time elapsed since it entered the vessel, in the case of 
RTD the age is the time taken for the fluid element to pass 
through the vessel.
A typical RTD curve is shown in Fig. 3.2, and is described by 
the relationship;
.CO
E(t) dt = 1   (3.37)
0
The mean residence time is given by the relationship;
Too
t E d t    (3.38)
0
-> 0
Fig.3.2 R.T.D curve for Non-Ideal Flow
The E - c u r v e  can also be defined in terms of dimensionless time, 
i.e.
and
0
E (0 ) de = 1 (3.39)
0 E (0) d0
0
where 0 is the dimensionless time defined as;
© _ t _ vt 
t v
(3.40)
(3.41)
and t is the mean holding time or space time based on ideal 
flow.
The different methods for carrying out RTD studies are adequately 
described in the texts (F2, Hll, L4). By these methods, which are 
classified as stimulus response techniques, the flow system is 
disturbed and the systems response to the disturbance is m o n i ­
tored. Usually the stimulus is a tracer input into the fluid 
entering the vessel (upstream) and the response is a record of 
the tracer leaving the vessel (downstream). Two types of input
signal widely used are (a) the step input signal and (b) the 
pulse input signal. Dankwerts (D3) introduced the notation 
that the dimensionless response to an up-step injection of - ,
tracer be called the F-curve and the dimensionless response 
for an impulse injection be called the C-curve. For the 
present studies the RTD is determined by the pulse input signal.
3.2.2.1 C-Curve
When an instantaneous pulse or shot of tracer is injected into 
the fluid entering the vessel, the response-time curve C is 
described by the following relationship;
0 oo
C dt = 1   (3.42)
J0
using dimensionless time 0
0 OO
C(0) de = 1. ....... (3.43)
J0
where C ( 0 ) = fraction of tracer in exit stream at any instant 
0 after tracer injection.
3. 2.2.2 F-Curve
When a step function (in time) of tracer is introduced into 
the fluid entering the vessel, then the concentration time curve 
for tracer in the fluid stream leaving the vessel measured as 
C/Co is called the F-curve.
The C and F curves are usually plotted on a dimensionless basis 
and can be used to measure the deviation1 from ideal flow.
Typical C and F curves for ideal and non-ideal flow are shown 
in Fig. 3.3.
Other distribution functions of interest in some applications 
are the ’’internal age distribution” , I, and the intensity

function, A. Both of these are adequately dealt with in the 
texts (F2, Hll, L4).
5. 2. 2.3 Relations between the Age"Distribution Functions
It is obvious from the definitions above that the age d i s ­
tribution functions are related. The derivations of the 
relationships between the functions are given in the texts 
(F2, Hll, L4) and can be summarized as follows;
For closed vessels
E (0 ) = C ( 9 ) = 4 Z i i l    (3 .4 4 )
d 6
or
■0
F(0D = E (0) d0 =
0
C(0) d 0   (3.45)
0
It is important to emphasize that these relationships were 
derived for closed vessels, and when the boundary conditions 
are different from that of a closed system, the C-curve may 
differ appreciably from the E-curve.
3.2.3 Analysis of Age Distribution Functions and F-Diagrams 
3. 2. 3.1 Mean Residence Time
For the present work two different notations are used for mean  
residence time and are defined as below;
Ideal flow
For ideal flow patterns, the mean residence, E, is defined as; 
t  = -   ... (3.46)
V
where v =  volumetric flow rate of fluid
V = volume of vessel
Non Ideal Flow
For non-ideal flow where the age distribution function is a 
spread of elemental residence time, then using the C-curve, 
the mean residence time, y, is defined as;
00
t C dt
V = -5.........    (3.47a)
^  -00
C dt
0
It is clear from the two equations that the values for resi­
dence for a given system would be different, and the difference 
between the two-values (t - y) can be used as a measure of the 
deviation from ideal flow and not the deviation from plug 
flow or mixed flow, unless it can be specified with accuracy 
whether the system is expected to behave as a piston flow 
system or mixed flow system, e.g. for liquid flowing through 
a pipe at high Reynolds No. the flow pattern would be expected 
to be close to "piston flow” while for liquid flowing through 
a stirred tank where the vessel contents are homogenous, the 
flow pattern would be close to "mixed flow".
If the distribution curve is only known at a number of discrete 
time values, t^, which is the case for the present work, then;
E t. C. At.
U =  i— !---- i- . (3.47b)
E C. At.
1 1
where At^ is the time interval between concentration readings.
3. 2. 3. 2 Variance
The variance represents the square of the spread of the 
distribution, and is a measure of the degree of the spread 
of residence time about the mean and is defined as;
In discrete form;
2 (t. - p ) 2 C. At,
a 2 = .....     -   (3.48b)
Z C. At.
1 1
5.2.5.3 Holdback and Segregation
The concept of holdback and segregation was first introduced 
by Danckwerts (D3) and illustrated by the F-curve.
In a system which displays holdback, some elements of fluid 
spend more, others less, than the mean residence time 
(equation 3.46) in the vessel. The magnitude of the holdback 
denoted by H, can be defined as the area under the F-diagram 
between Q 0 / V = 0  and Q 0 / V  = 1 and is given by;
H = a  
V
v/ Q
F (0) d0    (3.49)
0=0
H varies from 0 for piston-flow to values approaching 1 when 
most of the space in the vessel is dead water ' The magnitude 
of H is a measure of the deviation from piston-flow.
For the case of mixed flow a single quantity called the 
"segregation" is used to give an indication of the efficiency 
of mixing in a system. Again the F-curve is used to determine 
quantitatively the segregation. This is well described by 
Danckwerts (D3).
3.2.4 Model for Axial Mixing in Single Phase Flow
There are two approaches to the interpretation of the hydraulic 
behaviour of the continuous phase in the contactor.
The first method is one described by Levenspiel and Smith (L5) 
and originally by Geoffrey Taylor (T2, T 3 ) . They considered 
the superimposition of eddy diffusion on plug flow, known as 
the diffusion model. The method has been well described and
widely used. It has certain disadvantages, mainly concerned 
with the definition of the limits of use. There must come a 
point when mixing is so intense that it exceeds the limits of 
applicability of this model. This can be seen from quotations 
in the literature, although they are very few, for the values 
of the Dispersion and Peclet N u m b e r s . It is stated that:
E
-yj—  + 0 or Pe 00 negligible dispersion-plug flow 
p
and -gj—  -* oo or Pe + 0 large amount of dispersion - mixed flow
’ ' Eand the intermediate values of or Pe are only qualitatively 
significant in helping to interpret the degree of intermediate 
mixing. However, this is a useful device when comparing the 
same apparatus under different conditions of operation.
The second method sometimes used uses a model of a series of 
perfectly mixed tanks. This is well described by Levenspiel 
(L4, p. 290) and Misek and Rod (M5j. On balance, in the present 
case of a countercurrent extractor where the backmixing is small 
a reasonable conclusion is that this particular model is not 
really as applicable as the diffusion model. It is decided 
therefore that despite its limitations the dispersion model is 
to be preferred.
3.2.4.1 Diffusion Model for Axial Mixing
The theory behind the derivation of the diffusion model is well 
described in the literature and texts (L4, L5, Cll, S3, T2, T3).
When a tracer is injected into the main flow stream of a fluid 
flowing through a vessel and its behaviour as it moves through 
the vessel analysed, the differential equation describing axial 
diffusion superimposed on plug flow is given by;
3c c 32c . TT 3c
at 3X7 37 (3. 50)
In dimensionless form where z = x/L and 0 = t/E = tu/L the 
model becomes;
E 92c 9c 9c _ n
ul 90 dz " are U (3.51)
The parameter E is called the axial dispersion coefficient 
and accounts for all the factors causing mixing in the axial 
direction such as transfer of material in and out of stagnant 
pockets and local channelling in addition to the effects of 
turbulent eddy diffusion. It characterizes the degree of axial 
mixing during flow and is analogous to the coefficient of 
molecular diffusion as defined by F i c k ’s Law. The dimensionless 
group E/UL in equation (5.51) is called the vessel dispersion 
number which is the parameter that measures the extent of axial 
dispersion or mixing.
The solution to equation (3.51) based on a modification of 
Carslaw (C3) solution for a fluid at rest is given by Levenspiel 
and Smith (L5) as;
where CV/Q is a dimensionless concentration term. They (L5) 
went on to state that this solution is for systems where there 
is a large degree of axial mixing-when E/UL is of the order
0.01 and greater -presented as a family of C-curves for such a 
system as shown in Fig. 3.4.
For systems where there is a small degree of axial mixing the 
values of 0 must be taken close to 1 (otherwise the values of 
C V/ Q  are essentially zero). For 0 close to 1 equation p . 51) 
reduces to
Q 2/F") (E/UL)
. (1 - D)2
e 4 6 (E/UL)
  (3.52)
CV
0 2 ^  (E/UL)
1 _ ( 1 - 9 )  2 
e (4 E/UL)
(3.53)
He also presented a set of curves for this solution as shown 
in F i g . 3.5*
Levenspiel (L4) used equation (3.52) for the closed vessel 
system and equation (3.53) for the open vessel system.
Fig.3.
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3.2.5 Peclet Number
The Peclet Number is a dimensionless group which is also used 
to measure the extent of axial mixing; it is the reciprocal 
of the dispersion number and is defined as;
Pe = —  = .........     (3.54)
E Dispersion Number
For a closed vessel Van der Laan's (VI) relationship between 
variance and Peclet Number is
2 2Orf = --,
6 Pe
-Pe
Pe - 1 + e re (3.55)
and for the open vessel system Levenspiel and Smith's (L5) 
relationship is;
Of,2 = —  + ~    (3.56)
9 Pe P e 2
3.2.6 Determination of Axial Mixing Parameters from R.T.D. 
Studies
3.2.6.1 Mean Residence Time and Variance
The mean residence times are determined from impulse dye 
injection studies as follows;
Z t. C- At
y = ----------------------------------    (3.47b)
£ C. At 
1
where is the measured response at time t^ after injection
and At is the time interval between readings and is constant.
The variance is also calculated from the general equation 
(3.48k) in discrete form as follows:
a 2 = z(ti ~ 2 C i At   (3.48b)
E At
It can be seen from Fig. 3.4 that the experimental C-curve is
skewed with a "long tail” (approaches zero very slowly) and at 
this low concentration level the data are not accurate. This 
type of behaviour has been found experimentally by several 
workers (L5, D3, S3, T2, T3) and various explanations have
Levenspiel and Smith (L5) have shown that the tail of the 
response to a true impulse would decay exponentially.
Sater (S2) assumed that the response to an arbitrary pulse 
would also decay exponentially and can be represented by the 
relationship;
This was confirmed by plotting the data to the right of the 
maximum of the response curve to a "cut off point" on semi­
log arithmetic coordinate paper and obtaining a straight line. 
This line is then extrapolated beyond the cut off point and 
used to calculate the contributions of that portion of the 
curve to the total moments. They proposed the following 
revised equation for the determination of mean and variance 
where the tail of the response curves are "long" - an extensive
treatment on the derivation of these equations are given by 
Sater (S2);
where t is the cut off point on the total end of the curve. 
Thus, the first term of each of the equations (3.58) and (3.59) 
represents the contribution of the first and second moments 
for t < t and the second term the contribution for t > t .
been proposed to account for it.
C = Ke'qt (3.57)
At E .ti C ± Ke~qtco (qtc o ) + .1)
(3.58)
and
a
At E ( q  - y )2 q  Ke'qtco (q2t20 + 2qtco + 1)
■- '■ ■ -  — . -f* ■ ■ ■— .i i i i i. ■ . —— i '
At E q  (Ke q ':co)/q2
(3.59)
3. 2.6. 2 Peclet Number and Axial Dispersion Coefficient
The Peclet Number is a function of dimensionless variance and 
is dependent on the boundary conditions imposed on the system.
It is necessary at this point to define the dimensionless 
variance o^2 ,
°6  = 4    C3 - 6° )
P
The two widely relationships for determining the Peclet Number 
from RTD studies are;
For a closed system - defined as one in which fluid enters 
and leaves solely by plug flow - Van der Laan (VI) proposed 
the following relationship;
a 2 =
Pe
Pe - 1 + e'rPe (3.55)
For an open system Levenspiel and Smith (L5) proposed the 
following relationship;
a az = —  +   (3.56)
6 Pe P e 2
Solving for Pe
‘✓ E x T - T T  " 1 I   (3’61)J_ = IPe 8
The axial dispersion coefficient, E, is calculated from 
the Peclet Number as follows;
3.3 Effect of Axial Mixing on Contactor Performance
3.3.1 Concentration Profiles
The effect of axial mixing is to lower the separation 
efficiency of the contactor as compared with values obtained 
from an assumption of piston flow (Section 3.1.2). Fig. 3.6 
is a typical representation of the effect of axial mixing on 
the concentration profile along the contactor and hence on 
mass transfer efficiency.
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From the above diagram (Fig. 3.6) it can be seen that axial 
mixing lowers the mean driving force for mass transfer. This 
type of diagram has been used by many authors (L2, M8, R4) 
to demonstrate the discontinuity of the concentration profile 
at the ends of the extractor caused by axial mixing.
3.5.2 Diffusion Model for Mass Transfer in Countercurrent 
Continuous Flow Operations
Miyauchi (M6) and Miyauchi and Vermulen (M8) were among the 
first workers to use the diffusion model for describing mass 
transfer in countercurrent continuous contractors with axial 
mixing. They extended and modified the Damkohler (Dl) 
continuity equation for continuous flow system and derived 
an equation for two phase countercurrent flow operations.
The theory of this work is based on the work of these two 
authors. Other workers to use the diffusion model were 
Sliecher (S10), Rod (R4) and Bibaud and Treybal (B2).
Figure 3.7 shows continuous differential contactors wherein 
the concentration of dissolved solute changes continuously 
with axial distance. It is necessary to point out at this 
stage that the axial distance is always measured from the 
physical bottom of the contacts and not from the inlet feed 
position which is the case for most of the other workers. 
Assuming that the axial diffusion coefficient adequately 
describes the axial mixing within the contactor, and the 
interphasial mass transfer can be represented by equations 
(3.9 and 3.10) (two film theory). Then from Fig. 3.7b a 
material balance of solute in the continuous phase over a 
differential height dh is;
-E c
d (3.64)
which, when simplified gives;
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Ec &  + u c a f  - Kca (y* - y) - 0 (3.65)
Similarly, for solute transfer the dispersed phase is;
-E dx d 2x
a n  anr2-
+ U, (x + dx) = UjX - E
dx 
d dH
giving
n d 2X 
E 'd  dTP" - U
dx
d a n
Kca
- Kc a
(y* - y)
(y* - y) = o (3.6 6)
Similar material balances for Fig. 3.7a where x 
gives the following equations;
E c I S  + u c a£ + Kca (y* - y) - o
x r at z = 0 
r
and
Ed -  u d a n  - Kc a </*■ - y) = o
(3.67)
(3.68)
Since axial mixing studies were done on the continuous phase 
only the theory that follows is for this phase. Defining 
the following dimensionless parameters
Y - y / x c
X R = 
z =
N oc
Pe_
xR/xF
h/H 
K0c a H
~ u ^ ~
U rH
Then equations (3.65") and (3.67) can be written in d i m e n s i o n ­
less form as follows;
£ £  + Pec ar - Noc Pec <Y * - y) = o
+ Pe Q  + N „ P (Y* - Y) = 0 d z 2 dz oc e
(3.69)
(3.70)
Boundary Conditions
The boundary conditions applicable to these cases were first 
proposed by Danckwerts (D3). Wehner and Wilhem (W3) later 
presented theoretical justification for the use of Dan c k w e r t ’s 
boundary conditions. These boundary conditions can be obtained 
by doing material balances at the inlet and outlet places of 
the contactor. Assuming that the axial mixing outside the
contactor (i.e. Z < 0 and Z > 1 ) is negligible compared to the
axial mixing within the contactor (i.e. 0 < Z < l),then for 
Fig. 3.7b.
At h = 0
UcYs ‘ Uc>V0 - Ec '$&...........................  (3'71a)
where y s is the solute concentration in the solvent stream 
as it approaches the plane h = 0 and y^ + q ^ 5 solute 
concentration just within the plane h = 0 .  The difference 
between these two is due to presence of axial mixing within 
the contactor. The negative sign associated with the axial 
mixing term is due to diffusion taking place from a point of 
high concentration to a point of low concentration.
Writing equation (3.7 a) in dimensionless form and rearranging;
sr = Pe r Ys - W  ........................ (3-71b)
At h = H (Z= 1)
Danckwerts (D3) established this boundary condition on 
intuitive grounds, this type of analysis was also used by 
Miyauchi and Vermulen (M8 ).
The boundary condition is;
= 0 ........ (3.72a)
In dimensionless form;
Srr = ° ■ .......... (3 .72b)
Similarly, for Fig. 3.7a (x = Xp at h = H) the boundary 
conditions are 
At h = 0 (z = 0)
- 0   (3.73a)
or
= 0   (3.73b)
and at h = H (Z = 1)
Uc ys = U c y h-0 Ec............................ ........ (3.74a)
or
ST = Pe CYs - Yz-0]   t3-74b)
5 .3.3 Interpretation of the Diffusion Model
The diffusion model as given by equation 3.65 in dimensional 
form is;
Ec a S  + u c J r £  -  Kc a c r  - y) - °............. ........  (s.es)
Rearranging and integrating this equation between the limits 
h = 0 and h = H and y = yQ and y = y^ (Fig. 3.6);
K a r Hc
Uc
dh =
0
’^ 1 d y  , f 1 d 2y r*z n r-\
-----  T T ~ ----------------- rTTT2 • • (3.75)
y0 (y* “ y) c J (y* - y)
This method of interpretation was first done by Miyauchi and 
Vermulen (M8 ) and later by Smoot and Babb (S13) who rewrote 
the equation in general form as follows;
NTUp = NTU^ + Correction Factor   (3.76)
The correction factor term in equation (3.76) can be determined 
by graphical integration; however, this would be somewhat
difficult to achieve since the determination of the second 
derivative would require extremely accurate concentration 
profiles. It is important to point that equation (3 .7 6 ) is 
applicable only when concentration profiles of both phases 
can be measured since y* is determined from the measured x 
by the equilibrium relationship.
Thomas (T6 ) modified equation (3.76) for analysis in which 
y is obtained by experiment and x calculated from a material 
balance and proposed the following equation;
NTlLj, = NTU^pp ^ + (Correction factor)^ + (Correction Factor
= NTU^ + (Correction factor)^   (3.7 7)
NTU^pp ^ is defined in Section 3.2.6.
Miyauchi and Vermulen plotted (Fig. 3.8) each term of the 
diffusion model in dimensionless form for the feed phase X 
from which shows how the different terms seem to zero at each 
phase. They stated that the positive terms represent the 
rate of supply of solute at each phase and the negative term 
the rate of its removal by mass transfer.
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Fig.3 .8 Depletion and Accumulation for Solute 
) Transferring in Feed Phase (Reproduced 
from Miyauchi and Vermulen (M8 ) )
It is not possible to carry out a similar analysis for the 
present work since this would require Peclet Number for the 
dispersed phase and direct measurement of the concentration 
profile for this phase. However, a similar analysis can be 
done by plotting the terms of the diffusion model for the co n ­
tinuous phase (Eqn.3.65) on a similar diagram. This will be 
dealt with further in Chapter 8.3.4.
3.3.4 Solutions to the Diffusion M o d e l .
The diffusion model has been solved by Miyauchi and Vermulen 
(M8) , Sleicher (S10), Smoot and Babb (S13) for systems with 
linear equilibrium relationship and by Rod (R4) for systems 
with curvilinear equilibrium relationship.
For the present studies two types of solution (Eqn.3.71,Fig . 3 . 
7b) are carried out, an analytical solution for linear equili­
brium relationship and a numerical solution for a curvilinear 
equilibrium relationship. The analytical solution is given in 
Appendix A . 3.1 and the final exact solution is as follows:
Y = P Y ^  + eq 2Z + q eq iZ q Y - P Y + q (mXD + C)e m 2 i o e m n i v R J___
q q q - q (q - q ) (m-i)
1 1 1 2  1 2
-~mXR + C 
m - 1
where q = (-Pe + r) /2
q = C-Pe - r)/22 6 
2
r = P + 4N P (m - 1) 
e oc e K J
Ym = - Y°(as shown in Fig.3.6)
3.78
3.78a 
3.78b 
3.78c 
3. 78d
This solution assumes a linear equilibrium relationship. For 
curvilinear equilibrium relationships such as the C C L 4 -HAC-H 2O 
system a more accurate solution was obtained by dividing the 
equilibrium relationship into a number of sections and d eriv­
ing linear relationships for each section. If the con-
centration profile is known from experiment, then the values 
of m and C can be varied with Z accordingly when solving for Y.
The numerical solution is done by the Runge-Kutta method with 
the aid of a computer. The theory of this method is well 
described in Jenson and Jeffreys (J3) and the development and 
computer program for the solution is given in Appendix A . 3.1.
It must be stated that solutions of the one-dimensional 
diffusion model by previous workers were oversimplified since 
constant Peclet Number and N q c  values were assumed for a given 
set of operating conditions. For the present studies, the 
variation of N q c  or NT U c with Z (which was determined experi­
mentally) was included in the solution of the model. Hoivever, 
a constant value of Peclet Number was used. The limitations 
associated with this solution will be dealt with in Chapter
8.3.3.
3.4 Sauter Mean Drop Diameter, Interfacial Area and Hold-up
In all types of contacting devices wherein one phase is 
dispersed in another, there exists a distribution of particle 
size. When there is mass transfer taking place, in order to 
establish the mass transfer efficiency of the contactor it is 
necessary to ascertain the magnitude of the interfacial area 
available for solute transfer between the two phases under 
given operating conditions.
Various methods have been used to determine interfacial area 
in contacting devices where there is a distribution of drop 
sizes. One of these methods that is widely used is the 
determination of a mean volume-surface diameter known as the 
Sauter mean drop diameter, d ^  ~ the theory of which is well 
described in Orr (04). The Sauter mean drop diameter relates 
the surface area of the drop to the total volume as follows;
where is the number of droplets of diameter d^.
The interfacial area, a, is related to the Sauter mean drop 
diameter and the volume fraction of dispersed phase, $p, in 
the contactor at dynamic equilibrium as follows;
The interfacial area as calculated from equation (3.80) is the 
specific interfacial area and has the units m 2/ m 3 or 1/m.
Hold-up
Ah Contactor
Manometer
h.
m
Fig.3.9 Schematic Diagram for Determing Hold-up
Three of the most widely used methods for determining the 
volume fraction of dispersed phase hold-up in the contactore 
are;
(a) The manometric method
(b) The displacement method
(c) The drainage method.
For the present studies the manometric method was used to 
determine hold-up <|>p, the theory of which is given in Appendix 2. 
The relationship for calculating hold-up is as follows (Fig.3.9).
Ah = difference between the points on the contactor
to which the arms of the manometer are connected, cm.
P m = density of heavy liquid in manometer, g/cc.
p = density of the continuous phase which is also
c used as the light liquid in the manometer, g/cc.
p^ = density of the dispersed phase, g/cc.
3.5 Power Requirements in Liquid Mixing
3.5.1 Speed Parameter for O.B.C.
The correlation used by most workers to study power r equire­
ments in an agitated contactor with two phase systems is 
given by;
Ah (pd " pc^
(3.81 )
where hm = manometer reading, cm.
I£ p m = p d ’ then
, hm 
♦f ~ ATT
(3.82)
(3.83)
The dimensionless groups, N ^ 0 , Npr and N ^ e are for rotating 
movement and the speed parameter is measured in revolutions
per unit time (rev/min.)
The mode of agitation in the Oscillating Baffle Contactor is 
completely different from the rotational mode since the 
agitators are oscillating at fixed amplitudes and the speed 
parameter is measured in oscillation per unit time (osc/min.).
The use of this type of speed parameter in the power correlation 
would make comparisons of the two modes of operation ( i .e . 
.rotating and oscillating ) somewhat difficult. In order to 
facilitate this comparison, a new speed parameter as derived 
below will be used for the O.B.C. for the oscillating system;
Total angle swept in one complete oscillation = 20 radians
2 0
Fraction of circle sweet in one complete oscillation = —
2 7T
2 0Distance travelled by tin in one oscillation = -2- x ttD cm
2TT. ■
2 0For N oscillations/sec, mean tip speed = —  x D x N cm/sec
2 7T
Hence, mean tip speed = 0DN cm/sec.............. ......  (3.84)
where 0 = amplitude of oscillation, radians 
D = diameter of agitator, cm.
N = oscillating rate, osc/sec.
For the rotating system, where 0 = 1 .
Mean tip speed = DN cm/sec.'.............................. (3.8 5)
3.5.2 Power Correlations
3.5.2.1 Correlations for Total Power Consumption
The quantity of mechanical energy required to generate turbulence 
throughout a liquid mass is dependent on the vessel geometry, 
agitator geometry and the physical properties of the liquids.
This energy has been correlated in terms of the independent 
variables by dimensional analysis. From the extensively
published literature, it has been stated that for two phase
systems the power consumed is dependent on the agitator speed,N, 
agitator diameter, D^, liquid density, pi, liquid viscosity, y, 
interfacial tension, a, and gravitational acceleration, g.
The generalised equation for power consumption in a mixer 
wherein there are two immissible phases is;
K Nd 2 P
a
r N 2d 1b N 2d 3 P
I F I g I a J£ N 3d 5
This equation can be written in the form
N = K (NR e )a (NF r )b (NW e )C
. . . . (3 . 86 a)
(3.86b)
The development of this equation by dimensional analysis 
is given in Chapter 6.4.
For a fully baffled vessel-this is achieved by the O.B.C. - 
vortexing due to gravitational forces is eliminated and the 
exponent of the Froude Number is zero. The flow dynamics is 
then controlled by the viscous and interfacial tension forces 
as f o l l o w s ;
(3.87a)
or
£ N 3d 5
= Ki
r N d 2P a N 2d 3 P
I d J o
...... . (3. 87b)
Miller and Mann (Ml) recommended the use of a weighted mean 
viscosity and an arithmetic mean density for use in the power 
correlation, where;
and
<J> 1-<|)= y j . y„K d c
Pm - *Pd ■+ (1 - 40 p c
(3.88a)
(3.88b)
where ym and Pm are the mean viscosities and density respectively
<f> is the volume fraction of dispersed phase,
pd ’ p c an<  ^ pd * pc are v iscosi'ties anc  ^ densit 
dispersed and continuous phase respectively.
It must be pointed out that the power used in the correlation 
is the total mixing power and excludes the power consumed in 
overcoming fractional and other forces. Thus for the O.B.C.
PT PDry + PMT   (3.8 9)
and PM = PM i + PM2
where is the power used in overcoming frictional forces
in the bearing and drive unit. This quantity is determined 
by taking power measurements with the contactor empty.
is the power required to agitate the single continuous 
phase. This is found by subtracting Pj^ ry from the power 
consumed when the vessel is filled with continuous phase only.
2 is the extra power consumed when the dispersed phase is 
present in the vessel. It is found by subtracting Pj)ry an(l 
Pj^from the power consumed when both phases are present in the 
vessel. The significance of this quantity will be discussed 
in Chapter 8.
3.5.2.2 Correlations for Power Consumption per Unit Volume
The power consumption per unit volume is particularly useful 
when doing scale-up studies on mixing equipment. In the case 
of the multiple mixer system of the O.B.C. which can be 
regarded as the first of its type to be studied, it is n e c e ­
ssary to establish some basis for comparison with the single 
mixer system. Previous work on the O.B.C. has been done with 
single oscillating baffles, and in order to make comparisons 
between the single baffle and multiple baffles system, the 
following power terms are used;
(a) The power per unit swept volume, Py s • This is the 
total mixing power P^ divided by the total volume 
swept by the baffles, thus for the multiple baffle 
system,
> = . _ rM_..
vs N r x V B -
where Pvs = the power per unit swept volume 
Pj^  = total mixing power 
V B = the volume of a single agitator 
= the radius of the agitator 
Lg = the length of the agitator 
Nb = number of agitators.
(3.90)
irR/ L b
(b) The power per unit "active volume, P . This is the 
total mixing power divided by the total active 
volume of the contactor and is given by
va
Pm
(3. 91)
Obviously a better value for the power term would lie between 
these two values since some fraction of the unswept volume 
would be mixed by the agitators, and it would be erroneous to 
put an actual value to this fraction.
Ol.ney and Carlson (01) multiplied both sides of equation 
(3.8 b) by the Reynolds Number giving;
= K
N 2d 3y
' Nd 3 P xf N 2d 3P
P J p J (3.92 )
where x^ = a + 1 = Reynold index for fluid friction or
momentum transfer
By replacing —y  in (3.92) by the power per unit volume P , 
d v
then
rv
N 2U
= K
' N d 3P 'x f N 2d 3 P ]
. V 0> J
or
N pv = Ki ( N „ J xf (N„„)Re 'We
(3. 93a)
(3.93b)
Writing similar equations for the two power terms
P , then v a ’
CHAPTER 4
DESCRIPTION OF EXPERIMENTAL RESULTS
4.1 Experimental Contactor.
Thomas and Chiu (1969) , Thomas and Weng (1970) and Thomas and 
Clare (1978), carried out research studies on an oscillating 
baffle contactor. Their studies were concentrated on a single 
oscillating baffle system, with 7.5 and 15 cm I.D contactors. 
Studies on the 7.5 cm I.D contactor were done with baffles 
made from perforated plate (J inch holes) and studies on the 15 
cm I.D contactor were done with baffles made from 3 / ^ 4  wire 
mesh.
The present studies were concentrated on a 30 cm I.D contactor 
with three single four-bladed baffles positioned on a tri­
angular pitch inside the contactor. The baffles were oscillat­
ing in phase. A single baffle was made up from 5 x 20 cm long 
four-bladed sections, the blades were made from 3/64'* stain­
less wire mesh. A single baffle is shown in Fig.4.1(b). The 
wire mesh provided a much greater percentage of free area per 
baffle blade than the perforated plate blades thus reducing 
the stirring effect caused by the solid part of the blade. In 
addition to this, the power consumed in oscillating the mesh 
baffles is less than that for the perforated plate baffles.
Studies were also carried out on the 7.5 cm I.D contactor with 
a single oscillating baffle.
A detailed description of the small contactor (7.5 cm I.D) was 
given by Thomas (T4) . Details and dimensions . of the present 
contactors are given in Table 4.1.
Since the basic construction of both contactors used for this 
study is the same, the only difference being the number of 
baffles and dimensions of the contactors, the description 
given below will be that of the large contactor (Contactor I ) .
The effective extraction zone of the contactor was a vertical 
borosilicate glass s e c t i o n 9 120 cm long consisting of seven
2.5 cm bore side arms for sampling purposes. The side arms
Table 4.1 Column and Baffle Dimensions.
Contactor I Contactor II
Column Body
Outside diameter 31.5 cm 16 cm
Inside diameter 30 cm 15 cm
Effective Extraction Length 120 cm 120 cm
Length of Top Header 4 5 cm 15 cm
Length of Bottom Header 30 cm 20 cm
Thickness of Spacer Plates 1.27 cm 1.27 cm
Diameter of Spacer Plates 45 cm 30 cm
Baffle Section
Material of Construction S.S* S.S*
Number of Blades 4 4
Width of Blades 5.56 cm 5.56 cm
Length of Blades 20 cm 20 cm
No of holes per Blades 2560 2560
Percentage free area per Blade 58 58
Mesh Aperture 1.211 mm 1.211 mm
Complete Baffle
No of sections per complete baffle 5 5
No of complete baffles 3 1
Clearance between baffle and 
column wall 0.8 cm 1.25 cm
Percent of column X ’ section 
swept by baffles 56.76 82.6
S.S* = Stainless Steel
(a) Multi Baffle Contactor ( Contactor I, large )
(b) Complete Baffle
(c) Single Baffle Contactor ( Contactor II, small )
Fig. 4.1 The Oscillating Baffle Contactors
were equally spaced along the column length and positioned a l ­
ternately on opposite sides along the column length. Each 
sampling unit consisted of a short length of \ inch bore stain­
less steel tube fitted through a stainless steel disc which 
was made leakproof by welding the tube onto the disc. One end 
of the tube was positioned inside the contactor and a \ inch 
bore glass sampling tap with P.T.F.E stopcork was connected to 
the other end by a short length of silicone tubing. Each 
sampling unit was bolted onto the side arms by flanges with a 
P.T.F.E o'ring between the glass and metal making the con- 
nectionjleakproof . An overall view of the contactors are 
given in Fig.4.1(a) &(c).
In order to ensure that only the continuous phase was sampled, 
very fine stainless steel wire gauzes were placed on the ends 
of the sampling tube positioned inside the contactors. This 
prevented the small disperse phase droplets from entering the 
sampling unit. A sketch of the sampling unit is given in Fig.
4.3. b
At each end of the extractive section there was a stainless 
steel spacer plate (shown in Fig.4.2) \ inch thick and 18 
inches diameter separating the extractor from the header sect­
ions. Seventy two holes (9/16 inch) were drilled on each 
spacer plate over the diameter which was covered by the cross 
section of the contactor. The bottom plate served as a sup­
port for the baffle shafts, and both plates effectively di s ­
tributed the phases evenly over the contactor cross-section. 
These plates were also used as sampling positions at the ends 
of the contactor, and manometer take off points for measuring 
the hold-up of the dispersed phase. For these points 5/16 
inch holes were drilled horizontally through the plate (i.e 
from the outer edge of the plate through to one of the drilled 
holes just inside the column). Each point was fitted with J 
inch stainless steel tubes and wire mesh gauze to prevent the 
small droplets entering the take off points. Glass sampling 
taps were connected to the two sampling points as described 
above. The manometer was connected to the other two points by
(a) Top Plate
(b) Bottom Plate
Fig. 4.2 Spacer Plates ( Contactor I )
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Fig.4.3a Sketch of Contactor Showing 
Sampling Points
Oscillating
Baffle
Sampling
Tap
-Column Wall
Fig.4.3b Section of Extraction Zone showing 
Sampling Unit
silicone tubing.
For the small contactor (Contactor II) one baffle (i.e 5 x 20 
cm long sections) was mounted on a shaft which was positioned 
centrally inside the contactor. Dimensions of the baffle are 
given in Table 4.1.
4.2 Pilot P l a n t .
4.2.1 General Description.
The main body of the pilot plant consisted of the two contact­
ors, three feed supply vessels, five feed storage vessels, the 
baffle drive systems and two centrifugal pumps. The plant was 
situated in a flame proof laboratory and all electrial devices 
and connections were installed to comply with the flameproof 
standards of the Health and Safety at work acts.
Due to the corrosive nature of the chemical used, the materials 
used to construct the plant were restricted to glass and stain­
less steel. The organic solvents used also attacked most 
plastic and rubbers. Borosillicate glassware (Q.V.F) supplied 
by Corning Ltd., and 316 stainless steel were used,,seals and 
gaskets were made from P.T.F.E. Glass was used for the feed 
storage and supply vessels (6 x 100 litres and 2 x 200 litres) 
and for the body of the contactors. Stainless steel was used 
for the contactors internals (i.e sampling tubes, baffles 
shafts and spacer plates), the stirrer for mixing the solute, 
pipelines between rotameters and phase inlet to contactor, and 
phase outlet from contactors to storage vessels. (| inch and 
1 inch piping in confunction with unions, bends, tees etc.). 
P.T.F.E was used as gaskets for the glass pipelines, the rotor 
of the two Q.V.F centrifugal pumps and bushes for stirrer drive 
shaft and baffle drive shafts.
The general layout of the pilot plant is shown in Fig.4.4. 
and the plant flowsheet is shown in Fig.4.5
Fig. 4.4 Photograph of Pilot Plant and 
Auxiliary Equipment
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4.2.2 Baffle Drive Systems.
The baffle drive system consisted of a motor, rotating through 
a Kopp Variator which rotated through a reduction gear box 
unit. All three devices were mounted horizontally in series. 
Table 4.2 shows the technical details of the three devices.
The reduction gear box also changed the direction of rotation 
from horizontal to vertical.
The constant speed drive shaft from the motor rotated through 
the Kopp Variator which was used to vary the speed of rotation 
The variator was followed by a 10.1 reduction gear box unit. 
From this unit the now vertical drive shaft was attached via 
a strain guage transducer to a bell crank assembly which 
changed the rotational motion of the shaft to an oscillation 
motion of the baffle shaft.
The drive systems for both contactors were the same up to the 
bell crank assembly (shown in Fig.4.6). For the small c o n ­
tactor (Contactor II) the collar of the bell crank assembly 
was connected directly in to the single baffle shaft, while 
for the large contactor the bell crank assembly was connected 
to a straight through gear.box assembly which was used to 
oscillate the three baffles.
The assembly consisted of two plates 30 x 30 cm held in p a r a l ­
lel by four supporting pillars, one at each corner, between 
which were placed four spindles, the bearing end of which were 
let into brass bushes. The bell crank assembly collar was con 
nected to the bearing end of one of the spindles, (the others 
in the same plane having free e n d s ) , which transmitted motion 
from the bell crank to the other three spindles. The four 
spindles were linked up by a chain, three of them (including 
the one connected to the bell crank)were used to oscillate the 
baffles, while the other was used as a chain tensioner, and is 
free moving. The other ends of three spindles were connected 
to the baffle shafts by couplings. The bell crank arrangement 
is shown in Fig.4.6 and the gear box assembly in Fig.4.7.
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Fig. 4.7 Gear Box Assembly
4.2.3 Manometer.
The manometer used to measure the dispersed phase hold-up was 
a glass U-Tube. The limbs were approximately 50 cm long and 
3 cm apart with a bore of 6 mm. The limbs of the manometer 
were half filled with dyed carbon tetrachloride. The dye used 
was Sudan IV supplied by B.D.H Chemicals Ltd.,and the con­
centration of the dye solution was approximately lg/litre of 
solvent. Due to the very low concentration of the dye solution 
the change in density of the carbon tetrachloride was negligi-v 
ble. The limbs of the manometer was filled with the continuous 
phase.
The principle and theory of the manometric method is given in 
Appendix 4.2.1.
4.3 Equipment for Dye S t u d y .
4.3.1 Photocell U n i t .
The photocell unit used for the dye study was made by the 
University of Surrey, Dept of Chemical Engineering Technical 
Department.
The unit consisted of a concave mirror reflecting a parallel 
beam of light from a halogen lamp through perspex windows 
placed on either side of the flow path. As the dye solution 
flowed through the unit, the variation of the light intensity 
was detected by a selenium cell giving a proportional output 
c urr e n t .
This output was monitored by passing the signal through an 
electronic amplified unit providing zero and full scale adjust­
ments, to a data-logger taking readings at specified intervals 
and giving a permanent record on paper tape.
The unit was positioned so that it was close as possible to 
the outlet phase being studied.
Photocell Unit
TTTTT W ^ V / ^ a f
(b) Data Logger 
Fig. 1.8 Dye Study Equipment
The photocell unit is shown in Fig.4.8(a).
4.3.2 Data L o g g e r .
The data logger is a Solartron system based on a LM1420 
Digital Voltmeter with a command unit, an Addo punch drive 
unit feeding into an Addo paper punch.
The data logger as standard is restricted by data collected to 
sample times of 2 per second to 1 sample every 3 seconds. A 
small unit was constructed to give a variable sampling period 
of 1 to 15 seconds interval and manual sampling via the data 
logger external triggering facility. The unit also had a 
manual overload input to mark the tape with an end of run 
marker.
4.3.3 Tracers Used.
It was necessary to use a tracer which had the following p r o ­
perties.
(a) it was soluble in the aqueous phase only.
(b) the colour intensity in the outlet stream was high 
enough to be detected by selinium cell.
vFor these reasons Nigrosine crystals supplied by B.D.H. C h emi­
cals Ltd was used. A concentrated solution was made and used 
as the dye for the aqueous phase.
4.4 Equipment For Power Measur e m e n t .
For the power studies it was necessary to measure small changes 
in the power reading between single and two phase flow as 
accurately as possible. To achieve this, all the power 
measurement devices used (i.e strainigauge transducers and 
torque meters) were recalibrated if necessary and tested for 
accuracy by the manufacturers.
4.4.1 Torque Transducers.
The power consumption was obtained by measuring the torque 
transmitted with the Saunders-Roe Type 2 MK4 supplied by 
British Hovercraft Corp. Ltd.
The very small angular deflection of the torque shaft resulting 
from the torsional stress, caused a change in the electrical 
resistance of the strain guages, and produced an electrical 
output voltage from the bridge circuit which was directly p r o ­
portional to the transmitted torque.
Separate transducers of the same type were used for the two 
contactors, the torque range of the transducers used for 
Contactor I (large) was 0-6 lb.ft. The total transducer error 
due to non-linearity, hysterisis and repeatability was not 
more than _+ -0.2% full load output.
4.4.2 Torque Indicator.
The output voltage from the torque transducer was fed to a 
TM6/R indicator unit which was also supplied by British H o v e r ­
craft Corp. Ltd. The unit had facilities for connecting 
ancillary apparatus.
Since the system was operating in the oscillating mode the 
reading on the indicator was unstable, as a result of this the 
output from the indicator unit was fed to a Torque Intergrator 
Unit (described in 4.4.3 below) which provided a stable aver­
age reading on a digital LED display.
4.4.3 Torque Intergrator.
)
The torque intergrator unit was built to operate with the TM6/R 
indicator (described in 4.4.2) and strain gauge transducers 
(4.4.1). The unit was built by U n i v e r s i t y ’s Department of 
Chemical Engineering Electronics Workshop.
Baffle Drive System
rORQUfc
INDICATOR TM 6R
BR'tISM HOVFRCRAFT CORPORATION I TO 
(XPIHIMENlAt A ElfCTRONIC LABORATORIES
(b) Torque Meter and Integrator 
Fig. 4.9 Baffle Drive and Power Measurement Instruments
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Several methods for measuring the torque by signal averaging 
and integrating were experimented on, but it was not possible 
to obtain readings for small changes in torque with any 
tolerable degree of accuracy '(+_ 0.5%) that were reproducible, 
also constant calibration of the instrument was necessary.
The problem was solved by using a dual slope integration 
technique as described below.
The circuit (Fig.4.10) of the integrator device worked on the 
principle of dual slope integration whereby the input voltage 
from the indicator was applied to an integrator and simul­
taneously a counter counting clock pulse was started. After a 
predetermined number of counts (in this case over a 10 second 
period) a reference voltage of opposite polarity is applied to 
the integrator. At this stage the accumulated charge on the 
intergratihg capacitor was proportional to the average value 
of input over the 10 second period.
The integral of the reference was an opposite going ramp h a v ­
ing a slope Vppp/Rc ’ At the same time the reference voltage 
was applied and counter again counted from zero. When the 
output from the integrator reached zero the counter is stopped 
and the analog circuit reseted. The relative count resulting 
in relation to the full count is proportional to t/T or
V. /VD™  in' REF
Since the V ^ p  was set equal to the full scale reading (F.S.R) 
from the torque meter, the output was calibrated giving a 
direct representation of torque. The output was in the form 
of a digital LED display giving reading to four decimal places
The dual slope integration has several attributes. Conversion 
accuracy was independent of both capacitor value and clock 
frequency since the effect on up slope and down ramp for both 
was of the same ratio. The integration provided rejection of 
high frequency noise and averaging of charges that occured 
during the sampling period. The circuit diagram for the inte­
grator unit is shown in Fig.4.10 and the transducer and in-
dicator units in Fig.4.9(a) and (b).
4.4.4 Shaft Speed M e a s u r e m e n t .
A digital tachometer was used to measure the shaft speed of the 
baffle. The tachometer was fitted on the same console as the 
integrator. The circuit was based on a 4046 CMOS phase locked 
loop integrator circuit.
A circular metal disc with a specific number of holes drilled 
around the circumference was mounted on the shaft and on 
optical source and sensor used to detect the rotational 
frequency. The pulses from the opto detector was fed to the 
phase lock loop circuit which had a scaling factor for the 
number of holes in the disc and the resulting output counted 
over a known period giving an accurate indication of speed of 
rotat i o n .
4.5 Refractometer.
A new Abbe Refractometer, supplied by Bellingham and Stanley 
Ltd. was used to determine the solute content of the con­
tinuous and dispersed phases samples. Its light source was a 
sodium lamp. The cell surrounding the two prisms, between
which the samples were placed, was filled with water and
o
maintained at a constant temperature of 26.5 C by circulating 
water from a thermostatically controlled water bath containing 
an immersion heater. The range of the refractometer scale 
was 1.30 to 1.70 which can be read accurately to three decimal 
places, and by estimation to four decimal places with an 
accuracy of _+ 0.0001.

4 .6 Particle Size Analyser.
The counting and sizing of droplets were done by a Particle 
Size Analyser N o . 2 supplied by Sondes Place Research Institute. 
The analyser consisted of a ruler blade connected to a counter 
unit. The analyser is shown in Fig.4.11..
The ruler blade was placed on the photograph so that the edges 
of the tapered slot touched the edges of the droplet to be 
sized. The droplet was then marked and the nearest contact 
point touched with the pen. This registered a count on the 
appropriate size group counter and on the total counter.
The ruler blade used sized droplet from 1.5 mm to 16.5 mm 
diameter.
4.7 Tensiometer For Interfacial.
Tension M e a s u r e m e n t .
A tensiometer was used to measure the interfacial tension of 
the systems containing different amounts of solute. Most of 
the interfacial tension data were already established by 
previous workers, however, some selected measurements were 
carried out and compared with the previous data. The two sets 
of data were in close agreement (+_ 1%) .
An 'O.S' - type torsion balance supplied by White Electrical 
Instruments Co.Ltd. was used in conjunction with a platinum 
ring of 4 cm circumference. It was calibrated from 0-120 m 
N/m (i.e 0-120 dyne/cm) with 240 equal divisions. The maximum 
overall error of the torsion balance was +_ 0.2%. This method 
is known as the "ring” method.
4.8 Stirrer for Mixing Solute and S o l v e n t .
It was important for the solute and solvent (i.e feed to the 
contactor) to be thoroughly mixed. This mixing was done by a 
three-bladed, stainless steel, marine type propeller attached
to the end of a vertical stainless steel shaft which was ro­
tated by a 0.25 h.p, 940 RPM motor supplied by Brook, Crompton 
and Parkinson Motor Ltd. The stirrer shaft, 3/8 inch diameter, 
was surrounded by a fixed \ inch i.d stainless steel sleeve, 
with a brass bush at the top of the sleeve and a P.T.F.E. bush 
at the bottom (i.e the side exposed to the vapour of the chemi­
cals) .
The mixing assembly was positioned at the centre of the organic 
phase storage tank.(VI Fig.4.5)
4.9 Rotameters.
The rotameters used were the Metric Series Type 907 supplied by 
G.E.C Marconi Process Control Ltd. They consisted of flat 
buttress ends boroscilicate glass tubes with stainless steel 
float stops, mounted in steel frames, with interchangable flow 
scale plates.
Separate calibrated flow scales, supplied by the . 
manufacturers for the different types of liquids were used 
when necessary.
The accuracy was + 3% of the full scale reading and the p r e s ­
sure loss due to the float weight was 15.5 cm w.g.
4.10 Chemicals U s e d .
All the organic chemicals used were supplied by B.D.H Ltd.
Due to the large quantities of chemicals used (i.e 350 litres 
for organic phase) technical grade chemicals were used instead 
of Analar grades. Glacial acetic acid was used as solute for
all mass transfer experiments.
The impurities in the chemicals were 0.05% and the effect of
the impurities on the physcial properties of the chemical
were negligible.
For all the experimental studies carried out the organic - 
aqueous systems were used. The aqueous phase was de-ionized 
water. The water from the mains was de-ionized by a Permutitt 
Mk 12 F-type .portable de-ionizer. The conductivity of the 
water was maintained below 10 microhms/cm which was somewhat 
purer than distilled water.
CHAPTER 5 
EXPERIMENTAL TECHNIQUE
5.1 General.
All the experimental work was carried out in a newly built 
flame proof laboratory, under atmospheric pressure. The sur­
rounding air in the laboratory was constantly changed by ex­
traction fans open to the outer atmosphere, thus, the room 
temperature was fixed by the prevailing outside temperature.
Due to this it would have been practically difficult and quite 
costly to maintain a constant room temperature - for instance 
by lagging flow lines and storage vessels - so all experimental
work was carried out only when the room temperature was between 
o
13 - 18 C. This temperature range was considered to be a d e ­
quate enough so as not to have any significant effect on the 
accuracy of the results.
Experimental work were carried out on the two contactors de­
tails of which are given in Table 4.1.
In order to minimise experimental error the performance studies 
consisting of droplet studies, mass transfer, dye study, power 
and hold-up were carried out separately.
A large quantity of the organic liquids used were also used by 
a previous worker, therefore at the start of the experimental 
work the organics already had a small amount of solute present. 
As a result of this it was not possible to carry out hydro- 
dynamic studies on the pure two component systems. However, 
it was possible to obtain a very low solute concentration - 
0.5 to 1.0 g/1 - in the organics by continuous extraction.
This concentration was considered to be low enough to give an 
idea of the hydrodynamic properties of the solute free system.
All the storage vessels and flow lines were washed thoroughly 
with chromic acid, de-ionzed water and acetone before experi­
mental work was carried out. The contactor was drained and 
rinsed with de-ionzed water at regular intervals every two 
days. The organic phase inlet and outlet lines were rinsed 
with organic phase of outlet composition after each experi­
mental run.
5.2 Calibration of Instruments.
5.2.1 Kopp Speed V a r i a t o r .
Separate variators of the same type were used to vary the shaft 
speed of the two contactors. Each variator was fitted with a 
handwheel incorporating a digital counter calibrated to one 
decimal place. The variator speed was changed by manually 
rotating the handwheel in either direction.
The variators were calibrated by measuring shaft speed equal 
to oscillation rate - for a number of different counter sett­
ings.
Calibration graphs of variator setting against oscillation 
rate were plotted. It was found that for a given counter 
setting there was no measurable difference in oscillation rate 
when the column was full or empty.
5.2.2 Refractometer.
The water bath system and sodium lamp described in section 4.5
were switched on and allowed to warm up for at least half an
hour before the instrument was used for Refractive Index
measurements. This period was sufficient for the refracto-
meter cell to reach a constant temperature which was monitored
by a thermometer positioned in the circulating water. For the
o
present work all R.I measurements were done at 26.5 C.
Five standard solutions for each of the two component solvent - 
solute mixtures being studied were prepared with solute co n ­
centration ranging from 0 to 80 g/1. The Refractive Indecies 
of the standard solutions were measured on the refractometer 
and calibration curves of R.I is solute concentration for each 
of the two component mixtures. Fresh calibration curves - for 
the system being studied over a period - were prepared every 
two w e e k s .
A typical calibration procedure together with curves are given 
in Appendix A . 1.4
5.3 Droplet S t u d i e s .
5.5.1 Photo g r a p h y .
The droplet size distribution and mean droplet sizes were ob­
tained by photography. As the mean droplet sizes varied along 
the column length for a given flow condition, there were two 
methods by which the studies could have been carried out. The 
first was by photographing various zones along the contactor 
length which would have meant continuous refocusing and r e ­
arranging of camera and lighting system for each zone, the 
second was by photographing at one zone - which can be assumed 
to be representative of the whole contactor - along the c o n ­
tactor length. Since the first method was highly susceptible 
to experimental error, the latter was chosen for carrying out 
the studies. However, the zone to be photographed was deter­
mined by using the first method as described below.
Photographs were taken at four positions along the column 
length for three oscillation rates, at Q c = = 400 1/hr, the
sectional and hence, overall Sauter mean drop diameter ( d ^ )  
were calculated for each speed condition.
Curves of sectional d ^  against position along column length 
were plotted and the positions corresponding to the overall 
d^2 were determined.
The same procedure was used for droplet studies on the two 
systems and the two contactors .. The mean positions used for 
the photographic studies are given in Appendix A . I . 5
Throughout the photographic studies a ’’Nikon F2” camera was 
used with a 55 mm ’’Micro Nikor” lens,. 50 mm extension . tube and 
a N.D 2.6 neutral density filter. The lens was stopped down
to F 5.6 giving a small depth of field - approximately 5 mm - 
at unit magnification. Lighting was by two "Metz Mecablitz" 
electronic flash heads. The camera, flashes and background 
layout is shown in Fig . 5.1.
Flash heads
Lighting
Background
Contactor
Plane of Focus
Camera
Fig. 5.1 Layout of Photographic System 
(Plan View)
The films used were 35 mm Ilford FP4, 125 ASA, and they were 
developed for 7 mins at 20°C in Kodak D76 developer, this was 
a 10% increase on the normal time and it enhanced the contrast 
slightly. A5 prints enlarged to between 6 and 7 times life 
size were used for droplet analysis.
In order to obtain photographs at a time when the droplet can 
be assumed to be stationary (i.e negligible or no sideways
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Fig. 5-2 Photographs of Droplet Studies for
CCL^ - HAG - H^O system Contactor I R = 1
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Fig. 5*7 Photographs of Droplet Studies for
CCL^ - HAG - H^0 system Contactor II
movement) a microswitch system was used to trigger off the 
flash units. The arm of the bell crank closed the mirco- 
switch circuit which triggered off the flash when the baffle 
was at the end of an oscillation and was changing direction.
At this point in time the droplets can be assumed to be "in­
stantaneously stationary'.' A slow shutter speed of 1 second 
was used to encompass the microswitch relay and the effective 
exposure time was l/500th sec.
Photographs were taken at a focal plane 28 mm x 18 mm just 
inside the wall of the column - approximately 2 mm - this p r e ­
vented blurred or ill - defined photographs. For both of the 
contactors distortion of the photographs due to curvature was 
negligible, more so for the large contactor.
The magnification of the drops was obtained by marking out the 
focal plane on the body of the contactor at the start of the 
photographic sessions. This rectangular plane appeared around 
the edges of the A5 prints, the magnification was calculated 
from the enlarged rectangular plane and the life size plane on 
the contactor body, the value was adjusted to take into ac­
count the extra depth of field between outer column wall and 
focal plane inside column, it was found to be the very small- 
approximately 0.5% - compared with the total magnification.
Four photographs were taken for each experimental condition 
and the best one was chosen for carrying out the droplet 
analysis. Photographs of droplets are given in F i g . 5.2 to 
5.7.
5.3.2 Counting and Sizing of D r o p l e t s .
Counting and sizing of the droplets were done by the size a n ­
alyser described in section 4.6.
A5 size photographs enlarged 6 to 7 times life size were used. 
The droplet sizes were measured by sliding the ruler blade 
over the photograph so that the edges of the tapered slot
touched the edge of the droplet to be sized. The droplet was 
marked and the nearest contact point was touched with the pen, 
registering a count on the appropriate size group counter and 
on the total counter. This process was repeated for all the 
droplets on the photograph that were in focus. The histogram 
displayed on the counter was recorded. Counting and sizing 
were done for three prints of each experimental condition and 
the mean value calculated.
5.4 Mass Transfer Stud i e s .
5.4.1 Preparation and Sampling.
The systems studies were CCL^ - HAC - and MIBK - HAC - f^O.
Throughout the experimental work the aqueous phase was de­
ionized water and solute (glacial acetic acid) was transferred 
from the organic to the aqueous phase.
Acetic acid was added to the organic phase and the mixture 
thoroughly mixed for one hour. For most of the mass transfer 
runs mixing was carried out in the two, 200 litres storage 
vessels - due to the large quantities of organic feed required 
for high flowrate runs. As stirring was being done in only 
one of the vessels, a uniform solute concentration was achieved 
by continuously pumping the mixture through the two vessels. 
This uniformity was monitored by taking regular samples of the 
inlet feed to the contactor. A rough sketch of the mixing 
loop is given in Fig . 5.8.
After mixing, the mixture was circulated through the organic 
phase lines by a centrifugal pump for a further 30 minutes.
For all the mass transfer studies the solute concentration of 
the organic phase feed to the contactor was kept between 30 
to 40 g/1.
To Contactor 
Feed Supply Vessel
rStorage
Vessels
Stirrer
Centrifuga
Pump
ixH-
Fig.5.8 Organic Phase Mixing System
The contactor was filled with aqueous phase after charging the 
feed supply vessels, and the baffles started at the desired 
speed. The continuous (aqueous) and dispersed (organic) phases 
were then introduced into the column via their respective r o ­
tameters at the desired flowrate. Constant flowrates were 
maintained by the control valves positioned just below the 
rotameters. For CCL^- HAC - H 2O system, the less dense con­
tinuous phase was introduced into the bottom header of the 
contacting unit and left from the top header, while the more 
dense dispersed phase was introduced into the top header.
Being the denser of the two phases the drops fell from the top 
to the bottom where they coalesced in the bottom header.
The depth of the coalescence pool was maintained at 7.5 cm by 
the outlet control valve immediately below the bottom plate of 
the contacting unit. For the MIBK - HAC - H 20 system the less 
dense dispersed phase flowed from bottom to top and the denser 
continuous phase flowed from top to bottom, other principles
being the same as for the CCL^ - HAC - H^O system. At steady 
state the inlet and outlet flow rates for each phase were 
e q u a l .
The continuous phase leaving the contactor flowed into a se­
paration vessel and was eventually discarded (to d r a i n ) , while 
the dispersed phase leaving was recycled for further use.
It was found that for the range of mass transfer runs studied, 
the system reached steady state - i.e when concentration p r o ­
file along contactor was constant with respect to time - after 
30 m i n u t e s .
After reaching steady state, eight samples of the two phases 
were taken at various positions along the column length. Two 
of these were samples of the dispersed phase at the inlet and 
outlet, while the remaining six were samples of the continuous 
phase, which was sampled at five equally spaced positions 
along the effective length of the contactor and at the outlet 
from the top header.
The procedure for sampling was by withdrawing approximately 
3 3
10 cm /min (5 cm /min for the small contactor) of continuous 
phase for between 3 - 5  minutes and discarding them. This 
served to (a) remove the liquid present in the taps from p r e ­
vious runs and (b) prime the sampling taps with fresh liquid. 
After priming the taps with fresh liquid 50 cm of sample 
was withdrawn from each position at the same rate as above.
The slow withdrawal of liquid ensured that the hydrodynamic 
equilibrum in the contactor at steady state was maintained 
during the sampling process.
Two mass transfer runs were done for each of the experimental 
conditions studied
5.4.2 Sample Analysis.
5.4. 2.1 Refra'c tome t r y .
The solute content in the samples of both phases were obtained 
by refractometry. This was carried out on an Abbe Refracto- 
meter - described in section 4.5 - in conjunction with the 
calibration curves for the relevant systems - described in 
section 5.2.2.
Three to four drops of the sample being analysed were placed 
between the refractometer prisms which were then clamped to­
gether. Viewing through the eye piece, the crosswires were 
brought into sharp focus by sliding the eye piece draw tube> 
and a contrasty, colourless borderline defining the light and 
dark yellow zones was obtained by rotating the dispersion drum. 
The borderline was then adjusted by the control knob until it 
was directly on the crosswire intersection. The refractive 
index of the sample was read directly in the scale telescope 
and recorded.
The samples were allowed to attain the cell temperature by 
leaving them for 60 - 90 secs before recording R.I values.
'5.4.2'. 2 T i t r a t i o n .
Titration was used as a means of checking the accuracy of the 
refractometry method. The solute content of at least two 
samples for each mass transfer run - outlet continuous phase 
and inlet dispersed phase samples - already obtained by r e ­
fractometry were also determined by titration. 10 mis. of 
each sample was titrated with 0.05 N sodium hydroxide solution 
with phenolthalein as indicator.
On the whole solute content values obtained by the two methods 
were within + 3%, when after allowing for experimental;err0r con 
firmed the validity of the refractometry method for obtaining 
the solute content of the samples.
5.5 Hold-up M e a s u r e m e n t .
The hold-up data used in the calculation and analysis of ex­
perimental results were those obtained by the manometric method. 
However, as a means of roughly checking the authenticity of 
these values, the displacement method was used.
5.5.1 Manometric M e t h o d .
The manometer used is described in section 4.2.3. The liquids 
in the manometer limbs were dyed carbon tetrachloride and 
water. Special care was taken to eliminate all air bubbles 
from the manometer lines. The two limbs were connected to the 
spacer plates at the ends of the contactor, one at each end.
The contactor was then filled with continuous phase after which 
time the levels of organic phase in the two limbs were the 
same (i.e zero difference)
The introduction of the dispersed phase into the contactor 
resulted in a difference in level. When the c o n t a c t o r Jhad 
reached a state of dynamic equilibrum, the difference in levels 
was recorded and the fractional volume hold-up was calculated 
by the method described in Appendix A . 2.1
5.5.2 Displacement M e t h o d .
For this method the inlet and outlet flow lines close to the 
contactor were closed almost instantaneously (within 3 secs.) 
and the dispersed phase in the contactor was allowed to settle. 
At the time when the valves were being closed the height of 
the liquid pool (heavy phase) in the bottom header was noted. 
After all the dispersed phase had settled in the bottom header 
the new height of the liquid was recorded and the difference in 
height was calculated.
This difference in height h g was made up of (a) the equivalent 
height h^ of the volume fraction of the heavy phase held up in 
the contactor ( which should be equal to the difference in
height h^ measured on the manometer under the same experimental 
conditions). (b) the equivalent height h^ of the heavy phase 
that flowed in after the values were switched off and (c) the 
equivalent height h^ of heavy phase present in the top and 
bottom headers of the contactor.
i.e h = h n + h 0 + h 7 ...5.1
s 1 2 3
where lu h
1 m
By making justifiable assumptions, h 2 and h^ were calculated, 
giving the value of h-^, details of these assumptions are given 
in Appendix A. 2.2. In all the cases studied the values h-^  was 
within +_ 10% that of hm for the same experimental conditions. 
This can be considered good enough to justify the authenticity 
of the manometric method.
It must be emphazised that the displacement method is in no
way an accurate method for measuring hold-up, in this case
unless the dispersed phase present only in the contactor can 
be isolated instantaneously and settled. For the displacement 
method studies the experimenter was assisted by two members of 
the technical staff to obtain the almost instantaneous shut 
off of the flow lines.
5.6 Power M e a surement.
Power measurements were carried out by using the instruments 
described in section' 4.4. The power consumed in oscillating 
the baffles was measured for different baffle speeds and 
liquid flow rates.
Studies were carried out for the contactors empty, filled with 
the continuous phase only and for the two phase ternary systems by 
measuring the torque.
For each of the experimental conditions studied, the torque 
readings (to four decimal places) on the integrator unit was 
recorded every 15 secs over a fifteen minute period (i,e 60
readings for each operating conditions) from which the mean 
(arithmetic) value was calculated. The readings varied b e ­
tween + 0.5% of the average value.
The power consumption was calculated from the torque measure­
ments by the formula,
P
where N 
T
5.7 Dye Injection S t u d y .
For mainly practical reasons dye studies were restricted to 
the continuous phase. If dye studies on the organic phase 
were to be carried out for all or even some of the operating 
conditions studies, two methods were available for doing this 
(1) the use of fresh liquid for each operating condition being 
studied or (2) the removal of the dye after each study. Due 
to the large quantities (up to 350 litres)!of organic liquids 
used, it was obvious that the former would have been quite 
costly, while for the latter it was not possible to obtain a 
dye which could have been easily removed in a relatively short 
length of time, thus, the studies were restricted to the con­
tinuous phase.
20 cm m of concentrated tracer solution (as in section 4.3.3) 
was rapidly injected (within 3 secs) into the inlet line of 
the continuous phase through a "subaseal". The injection 
point was positioned as close as possible to the bottom header 
of the contactor. At the same instant the dye was injected, 
the data logger and punch tape was started. These measured 
and recorded the dye concentration in the outlet stream.
5.8 Flooding Studies.
Flooding studies were carried out for two baffle speeds with 
the two phase ternary system ( x ^ ~  30 g / 1 ) . It was not
= 2it NT . . .5.2
= shaft rotational speed (rev/sec)
= Torque (Joules)
possible to carry out studies on the two phases binary system 
(the importance and usefulness of which is discussed in 
chapter 8.5), since the organic phase available at the time 
had traces of solute. However, it was possible to carry out 
studies with very small solute concentration (0.5 to 1 g/1) . 
Only the CCL^ -HAC - H 2O system was studied. As for the mass 
transfer runs, the contactor was filled with continuous phase 
and air bubbles eliminated from the manometer lines.
With the baffles oscillating at the desired rate, the con­
tinuous phase was introduced into the column at a constant 
flowrate, the dispersed phase flowrate was then increased from 
200 1/hr in increments of 50 1/hr. After each increment the 
contactor was allowed to reach hydrodynamic stability (i.e 
constant hold-up) which took between 10 - 15 minutes, after 
this time the hold-up was recorded, as the maximum operating 
condition was approached, the increments were reduced to 25 
1/hr. This procedure was carried out for three different con­
tinuous phase flow rates.
The same procedure was repeated, but this time the dispersed 
phase flowrate was kept constant and the continuous phase 
rate was varied.
Maximum operating condition of flooding is said to be reached 
when the hold-up of dispersed phase increases quite rapidly 
with small changes in flowrate. At this point the dispersed 
phase gradually builds up in the contactor and it is not 
possible to maintain hydrodynamic equilibriumi under constant 
operating conditions.
For the current work maximum operating conditions was taken to 
be the flowrates at which the difference in manometer levels 
continued to increase under constant operating conditions. 
These flowrates were recorded.
CHAPTER 6 
DIMENSIONAL ANALYSIS
6.1 Correlation for Sauter Mean Drop Diameter
Several correlations for Sauter mean drop diameter have been 
proposed for various types of contacting equipment. These 
correlations together with the physical properties of the 
liquid systems and operating conditions are tabulated by 
Tavlarides. and Stamatoudis (Tl, Pg 230).
From the extensively published literature the factors affecting 
the Sauter mean drop diameter in the contactor are the p hysico­
chemical properties of the system such as density, p, and 
interfacial tension, a, the turbulence intensity caused by the 
rate of oscillation (speed parameter), 0N, diameter of agitator, 
D^ , and fractional hold-up <j>p.
Thus
d 32 = f (Da , 0N, p, a, <f>p) ....... (6.1)
Applying Buckingham’s Pi theorem and taking D^, 6N, and p 
(geometric mixing and fluid property characteristics) as 
primary quantities.
Then
F (tti, tt2 > tt3) = 0 
Dimensionally
0N = T " 1
p = M L " 3
Expressing each of the dimensions M, L, T explicitly in terms 
of the primary quantities.
Then
M = pDA 3
T = (6N)~1
The three dimensionless groups are obtained by taking each of 
the remaining variables, d - v j ’ a ’ ^F •'■n turn.
d 22 ^as dimensions L 
d 2^ x L -1 is dimensionless
ttj d 32 x Da
d32
D
A
Similar treatment of a and <j)p gives 
a
IT 2 =
(0N) 2 Da 3 P
and tt 3 = <p
f d3 2
Thus F
a
~d a  ’ (0N)2 Da 3 p
= 0
32
D = F.A
f (0N)2 DA 3P a ]
o
(6.2)
(b•3)
a
(0N) 2 Da 3P
is arbitrarily inverted because Weber iNumber is
usually expressed in the form (0N) DA 3P/o. 
Equation (6.3) can be written as
or
32
D
DA
= K
32
(8N)2 DA 3p im
a
* N wem *n
*
n (6.4a)
(6.4b)
6.2 Correlation for Overall Mass Transfer Coefficient
Numerous dimensionless correlations for continuous and dispersed 
phase individual mass transfer coefficients kc and have been 
reported in the literature. The most important of these 
correlations are tabulated in Laddha and Degale.esan (0^ 2 p. 199). 
For the present studies it was not possible to determine the 
individual or overall mass transfer coefficients directly. 
However, overall specific mass transfer coefficients Kca and 
K^a were determined indirectly from NTU values which were
calculated from the measured concentration profiles. The 
dimensionless correlation for Kca as described below is found 
for the O.B.C.
The factor affecting overall specific mass transfer coefficient 
Kca are the operating conditions - phase velocity U c and 
oscillation rate 0N physical properties - density pc , 
viscosity yc and diffusivity &  and geometric factors 
such as vessel diameter, D, and Sauter mean drop diameter d ^ *  
Thus
K c a = £ (Uc , 0 N , Pc , yc ,£)c , D, d 32) ........ (6.5)
Apply Buckingham's Pi theorem and taking, U c , D and yc as 
primary quantities, then
F (tti , tt2 , tt3 , tt4 , tt5 ) = 0
Dimensionally
U = L T " 1 c
D = L
Uc = M L ~ 1T “ 1
Expressing each of the dimensions M, L, T explicitly in terms 
of the primary quantities, then
M  = u U - D 2 Kc c
L = D
T = U _1D
c
The dimensionless groups are obtained by taking each of the 
remaining variables in turn,
K a has units T " 1 
c
K a x T is dimensionless 
c
Kca D
= ~D---uc
Similarly, tt2 = -iP.jP- g.
c
U D P„ c c
U
£ c
714 = ITT)
tt5 =
d 32
D
'Kca D ? (0N)D d cD^c <^ <
Kc a D 
“ 0 “
«//CH C ■
Kc a D 
~U
= F i
= K
U c ’
(0N) D 
U
yc 
d C^Pc
' 32
D
U CD
=0
d 32 1 
D
' (0N) D 1a Uc D pc 1b U CD ’c f d 32 )
Uc J Pc J ■ ' i D J
The first and third dimensionless groups 
on the form
U_ ^
(0N)D
U
and
(0N)D a — C
I* u J _ v
(0N)D2P ~,a
y
ii
oQUZD — U cD P ]
v he
—
D c  > _ P c J
A
_
c -1
c
(6 . 6 )
(6.7)
(6.8) 
UC 0 1
(6.9)
(6.10)
Putting (6.9) and (6.10) into (6.8);
Kc a D 
U
= K (0N)D2 P
a - U CD p ~ e r pc i
c - d 32
1 0 1 L be J i ■°i  ^1 i _  D _
where e = b - a + c
Equation (6.11) can be written in the form;
K a D c 
_ = K N
Re osc
N
Re N Sc
c  ( d 2 2  'id
~ eT
(6.11
... (6.11a)
6.3.5 Correlation for Axial Dispersion Coefficient
The factors affecting the continuous phase axial dispersion 
coefficient in the O.B.C. are the operating parameter such as 
phase flow rate, U , oscillation rate, 0N; the physical 
properties of the liquid such as density, Pc and viscosity, yc ; 
and geometrical factors such as vessel diameter D, length of 
contactor L, and diameter of agitator D^.
Applying Buckingham's p4 theorem and taking U , D and P as
^ c
the primary quantities. Then,
F Ol , TT2 , TT3 , TTtt , 775) = 0
Dimensionally,
U c = L T - 1 
D = L 
P = M L " 3
Expressing each of the dimensions, M, L, T explicitly in 
terms of the primary quantities, then
M = P D ~ 3 c
L = D
T = U _1D 
c
The dimensionless groups are obtained by a similar treatment 
as the above, i.e.
E^ has units L 2T ” 1 c
E x L"2T is dimensionless c
Thus
e c = f (uc , o n , p c , yc , D, d a , L) (6.12)
7Ti = E x D “2 x U - 1 D 
c c
i.e. 7T1
Similarly,
_ - ( N) D
ir2  0---
TT 3 =
„D c o
Da
1Tl* ■ IT
L
ITS =  ?
:*c 1 f (0N)D Pc 1
U D t U j U DP„L c 1 c c C '
E
= K
D_A L 
D ’ D = 0
Uc D
(6N) D '
a \ U c Dpc d a  1
C
r l }
Uc J i J T  J DV. J
Expressing the groups
U rD
and (6N) D in (6.14) as,
(6.13
(6.14)
_ V  ] =
'
V Pc v
Uc D r c I
U x D ^ c J w C ^C r I  J
(0N) D ]b (0N) D 2 Pc X yc ]: 1
Uc i — . u c Dpc J j
(6.15)
(6.16)
and replacing these groups in (6.14) by (6.15) and (6.16)
v
= K x
(0N)D2 a r u c d i e r \  ic ' L '
v c ‘ v c , . D J . D ,
... (6.17a
he
where kinematic viscosity v = 
and e = -a + b - 1
Equation (6.17a) can be written in the form
= K N Re
osc
N
Re
e r
d a ]
I D ,
_L_
I D J
(6> 17b
Equation (6.17) was written with kinematic viscosity v as 
a variable to facilitate comparisons with published correlations 
on axial mixing coefficients (see Section 7.3.3)
6.4 Power Correlations for O.B.C.
From the experimental results (Tablel9Aand Fig.7. 5 4 ) it can 
be seen that the effect of continuous phase and dispersed phas 
(i.e. hold-up) flow through the contactor on power consumption 
is negligible. From the extensively published work on power 
consumption in mechanically agitated contactors, for the O.B.C 
the factors affecting the power consumed, P^, in mixing two 
immiscibile phases are the oscillation rate, 0N, agitator or 
baffle diameter, D^, mean density, pm , mean viscosity, ym and 
interfacial tension, a.
Thus
where p and y are mean density and viscosity as defined by 
equations (3.89a&b)v
Applying Buckingham's Pi theorem and taking (0N), and pm 
as primary quantities, then
F (tti , tt2, tt3) = 0
Dimensionally
(6.18)
(0N) = T " 1
D
A L
P = ML" 3m
Similar treatment as above gives;
L = Da  
T = (8N)” 1
The dimensionless groups are obtained as follows;
P^ j has units M L 2 T " 3
P., x M  1 L -2 T 3 is dimensionless 
M
mi.e. 7T i = ---------------
(0N) 3 D a5 p 
 ^ J A m
Similarly
^mtj2 = -------------
(0N) D 2 P 
v J A 'm
a
TTs = --------------
(0N) 2 D 3p 
v J A m
— PM ] (0N) DA 2Pm 1 (0N)2 DA3pm '—
— (0N)3 D . 5 pm J ’ y j *L m J o J—
... (6.19)
(0N) D 2P 
v J A m a ^  V Pm |b
pm cr J
>a r •)
Re
osc r C
D
A pplying Olney and Carlson method of analysis (Section 3.5.2.2)
by which both sides of equation (6.20a) are multiplied by the
PM
Reynolds Number and the term ^  is replaced by the power per 
unit volume. Then
(a) For power per unit active volume, P ^  (equation 3.92)
(0N) Da  pm 1
X
[ (0N) Da 3 pm ]
11 0k J(eN)2um
( iX f \ c
Np = K 2 N 
"va I ^ -osc NWe .
......  (6.
where x = a + 1 = Reynolds Index .
(b) For power per unit swept volume, P^s (equation (3.91))
p . . 
vs COII ' (0N) ° A 2 pm ’
z (0N) ^ A 3 pm
(0N)2 ym ym 0
or
N,
vs
* \ z f >
it V osc % e ^ /
Summarising
N = Ki 
P
NRe osc NWe
N p = K 2
rva
and N p = K 3 
vs
N dRe
X
N
Weosc
f N z N £
N dRe N We
. . . . (6. 22a )
.... (6.22b)
  (6.20b)
  (6.21b)
  (6.22b)
CHAPTER
RESULTS
Layout of Experimental Results.
Two systems were studied and experiments were carried out on 
two sizes of contactors. From here on these will be referred 
to as follows:
CCL4 - HAC - H 20 System 1 
System 2
Large O.B.C with Multiple Baffles - Contactor I 
Small O.B.C with Single Baffle - Contactor II
MIBK - HAC - H 20
Figures Chapter 7 .
Figs 7.1 to Figs 7.7 
Figs 7.8
Figs 7.9 to Figs 7.12
Experimental Results 
Theoretical Results 
Statistical Results
Tables Appendix 5 .
Block A 
Block B 
Block C
Tables 1A to 20A: Results for CCL^ - HAC - H 20
systems, Contactor I 
Tables IB to 8B: Re
system, Contactor I 
Tables 1C to IOC: R<
system, Contactor II
sults for MIBK - HAC - H 20
esults for CCL4 - HAC - H 20
7.1 Experimental Results.
7.1.1 Solute ' Concentration ~ profiles.
The solute concentration profiles along the contactor for 
Systems 1 and 2 and Contactors I and II are given in Tables 
1A to 3A, IB and 1C; graphical representation is given in 
Figures 7.1.1 to 7.1.9. The solute concentration in the co n ­
tinuous phase - y values - were obtained experimentally by 
direct measurements and the dispersed phase solute concentrat­
ion - x values - were obtained by sectional mass balance. In 
this respect the profiles are termed ’’Apparent Measured” values 
(chapter 3.1.6). For Contactor I the effect of flowratio 
(R = Q c/Qd ) - Fig . 7.13 and inlet solute concentration in the 
feed - Fig. 7.1.4 on the concentration profile was studied. A 
comparison of profiles for Contactor I and II at the same 
phase flow velocity and oscillation rate is given in Fig . 7.1.9.
7.1.2 Sauter Mean Drop Diameter and Interfacial A r e a .
The results for Sauter mean drop diameter d ^ 2 and interfacial 
area are given in Tables 4a - 5a, 2B - 3B, and 2C - 3C. 
Frequency distribution of droplets for one operating condition 
of each system are given in Table 4a and 2B and represented 
graphically in Fig.7.2.1 and 7.2.2. The d ^  values were cal­
culated from the frequency distribution of drop for each 
operating condition by Equation 3.80. Interfacial area were 
calculated from d ^ 2 values by Equation 3.81.
Values of Sauter mean drop diameter and interfacial area are 
given in Tables 5A, 3B and 3C and represented graphically in 
Fig.7.2.3 - 7.2.7. A comparison of interfacial area for Co n ­
tactor I and II at the same operating condition is given in 
F i g .7.2.8.
Photographs of droplet size distribution for both contactors 
and Systems are given- in- F i g . 5.2 - 5.7 (Chapter 5)
7.1.3 ' Contactor Overall Performance - Mass Transfer.
The overall contactor mass transfer performance was obtained by 
calculation of the number of transfer unit NTU, overall mass 
transfer coefficients Ka and height of transfer units HTU from 
the concentration profiles. Performance studies were done for 
both systems and both contactors. The results are given in 
Tables 6a - 10a, 4b - 6b and 4c - 6c and represented graph­
ically in Fig.7.3.1 - 7.3.24. Comparison of performance for 
Contactor I and II are given in Fig.7.3.16 and 7.3.24.
The NTU values were calculated from equations 3.32 and 3.33.
The method used together with the computer program for evaluat­
ing the integal are given in Appendix A.4.1. Heights of trans­
fer units and overall mass transfer coefficient were calculated 
from the NTU values by the same computer program. The method 
used also provided sectional values of performance character­
istics. All the values calculated are "Apparent Measured" 
values (Chapter 3.1.6).
7.1.4 Dispersed Phase H o l d - u p .
The dispersed phase hold-up was determined by the manometric 
method, these values were also checked at regular intervals 
by the displacement method. Both of these methods are detailed 
in Appendix A . 2.
Hold-up measurements were carried out for both systems and 
contactors at various operating conditions. Results are given 
in Tables 6A, 7A, 5B and 4C and graphical representation are 
given in Fig.7.4.1 - 7.4.8. The effect of flowrates and in­
let solute concentration in the feed for system 1 and Contactor 
I are given in Fig. 7.4.2 and 7.4.3 respectively.
A comparison of hold-up for Contactors I and II at the same 
operating conditions are given in Fig . 7.4.8.
7.1.5 Flooding.
Flooding studies were limited to Contactor I and System I ,,the 
reason for which are purely practical and is discussed in 
Chapter 5.8. Studies were carried out with high inlet solute 
concentration ( - 3 0  g/1) and very low inlet solute concentration 
(0.5 - 1.0 g/1). The latter approximated to "Non-Mass Transfer" 
system. The results of these studies are given in Tables 11a 
and 12a. The effect of dispersed phase flowrate on hold-up 
for mass transfer and "non transfer systems" at high constant 
continuous phase flowrate is given in Fig.7.5.1. The effect of 
continuous phase flowrate on hold-up - Continuous phase flow­
rate was taken to the maximum flowmeter range - at various di s ­
persed flowrate for "non-mass transfer" system is given in Fig. 
7.5.2.
7.1.6 Residence Time and Axial M i x i n g .
Mean residence and variance was calculated from impulse dye in­
jection studies by the method given in Chapter 3.2.6 - Equations 
3.60 and 3.61 - with a computer. The computer program used is 
given in Appendix A . 4.2. Due to practical limitations as 
discussed in Chapter 5.7, dye injection studies were only 
carried out on the continuous phase. Peclet numbers were 
calculated from dimensionless variance by Equation 3.57 and 
axial mixing coefficients from Peclet numbers by E q u a t i o n 3 .65.
Results for mean residence time, variance and dimensionless 
variance are given in Table 13A and graphical representation 
of the variation of mean residence with phase flowrate and 
oscillation rare is given in Fig.7.6.1. Results for Peclet 
numbers and and axial mixing coefficients are given in Table 
14A and plotted graphically in Fig.7.6.4 and 7.6.3 respectively.
The concentration profiles and mass transfer results (Tables 
1A and 6A - 10A) enabled the axial mixing component of the 
diffusion model (Equation 3.67) Ec d y to be calculated.
d h 2
These results are given in Table 16A and plotted graphically 
in F i g .7.6.5.
7.1.7 Power S t u d y .
Power consumption was calculated from torque measurement 
obtained from a strain guage transducer by Equation 5.1. T o r ­
que measurement were carried out at various oscillation rate 
for the contactor empty Tj)ry> filled with continuous phase 
^ D r y + **M1 anc  ^ ^or koth phases i-n flow T,p. The values were 
also separated into power for mixing single continuous phase 
Pm i , and power mixing the two phases P^ - both of these power 
values excludes dry power.
The dry, single phase mixing and two phase mixing torque and 
power for Contactors I and II and System land 2 are given in 
Tables 17A - 20A, 7B, 8B, 9C and IOC. The variation of Dry 
mixing and total power with oscillation rate are given in Fig.
7.7.1 and 7.7.6 for Contactor I and II, system 1 respectively 
and by Fig. 7.7.4 for system 2. Variation of mixing power 
with phase flowrate for system 1 and 2 in Fig. 7.7.2 and 7.7.5 
respectively. Comparison of power consumption for Contactors 
I and II at the same operating conditions are given in Fig. 
7.7.8. Variation of power consumption with hold-up for Co n ­
tactors I and II are given in Fig. 7.7.3 and 7.7.7.
To put the power consumed by single and multiple baffles m i x ­
ing system in a form that is suitable for comparison and scale 
up the power per unit swept Pvs and per unit active Pya were 
also calculated. These values are given in Tables 20A, 8B and 
IOC and plotted graphically in Fig. 7.7.9 and 7.7.10.
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7.2 Theoretical ' Results .
7.2.1 Concentration Profile from Diffusion M o d e l .
Theoretical concentration profiles for the continuous phase 
were computed for a number of experiments by solving the o n e ­
dimensional diffusion model for the O.B.C developed in Chapter 
3 .3.2.(Equation 3.71). Concentration profiles were calculated 
from both numerical and analytical solutions which are given
in Appendix A . 3.1.1 and A . 3.1.2.
The effect of changing number of transfer units along the 
column length were taken into account in calculating profiles 
by fitting the sectional values of N q c  (from Table 10A)to an 
exponential curve which was written into the computer program 
for the numerical solution (A.4.3). For the analytical solut­
ions values were taken directly from Table 10A.
Both types of solution to Eqn.3.71 required initial boundary
conditions. Since it was not possible to evaluate accurately, 
the theoretical boundary condition given by Eqn.A3.15, it was 
decided to solve the equation for the two boundary conditions 
as shown below.
Boundary Conditions 1 (B.C.l)
From Eqn. A3.15, at Z = 0
dY/dZ = P e X Y o - Y ° ]
where Y , Y° is defined in Fig.A.3.1 
0
The value of Y q was measured experimentally while the value of 
Y° was unknown. Most workers took the latter to be zero, and 
B.C.l was evaluated by taking Y° as zero, giving
dY/dZ = P Y e o
also at Z = 0
Y = Y
o
Boundary Condition 2 (B.C.2)
For B . C . 2 the value of dY/dZ at 1 - 0 was obtained by drawing a 
tangent at Z=0 to the experimental profile to get dY/dZ at this 
point. Also as for B.C.l, at Z = 0
Y = Y
o
Experimental and theoretical profiles - for both Anaytical and 
Numerical solutions - at a typical operating condition are 
given in Table 7.1 and represented graphically in F i g . 7.8.1.
The effect of boundary conditions on concentration profile - 
for the numerical solution - is given in Table 7.1 and repre­
sented graphically in Fig . 7.8.2.
Table 7.1 Values for Experimental and Theoretical con­
centration profiles at N=80 opm Q c=Q^=400 1/hr
Contactor I .
Z=h/H Exptl
Dimensionless C o n c e n t r a t i o n ^
Analytl Numerical
B . C . 2 B.C.l B.C. 2
0 0.308 0.308 0.308 0.308
0.25 0.65 0.527 0.836 0.745
0.50 0.769 0.602 1.177 1.058
0.75 0.850 0.648 1.360 1.228
1.00 0.920 0.696 1.440 1.309
B.C.l Boundary Condition from Eqn.A3.15 with Y°=0 
B . C . 2 Boundary Condition from slope of Y-Z curve at Z=0
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7.2.2 Calculation of Axial Mixing Coefficient from the
Diffusion E q u a t i o n .
Axial mixing coefficient for the continuous phase at various 
operating conditions were calculated from one dimensional 
diffusion equation (Eqn.3.67). The method used is given in 
Appendix A . 3.2. These results are compared with the values 
obtained from dye studies and from the values calculated from 
the Westerterp and Landsman type correlation (Eqn.7.9a) in 
Table 7.2
Table 7.2 Axial Mixing Coefficients values from Dye
. Studies, Empirical Correlation and Diffusion 
Equation.
N
V Corr
E c
D.EQ
opm L/hr cm^/sec
2 ,
cm /sec cm^/sec
60 200 1.002 1.218 1.13
300 1.67 1.437 1.09
400 2.002 1.655 1.89
500 2.149 1.874 1.74
80 200 0.985 1.476 1.31
300 2.112 1.699 1.69
400 2.319 1.914 1.74
500 2.463 2.132 4.84
where E = E obtained from Dye studies
cDye c
E = E calculated from Westerterp and Landsman
^ C o r r ^
type correlation (Eqn.7.9a)
E c = E c obtained from Diffusion Equation
E*EQ (Eqn.3.65 and Appendix A . 3.2)
7.3 Statistical Results.
7.3.1 'Correlation for Sauter >!ea'n Drop D i a m e t e r .
A dimensionless correlation for Sauter mean drop diameter was 
derived in Section 6.1.
d 32 = K NWem ^  ...6.4b
Using multiple regression analysis and the experimental data 
determined values of d ^  and the following correlations for 
the systems and Contactors were obtained:
Contactor I (Large) CCL^ - HAC - H 20 system:
_ 3 0 . 0 4 9 2  0 . 0 0 1 7
d 32 = 3.0 x 10 NWe (p ...7.1
d a
Contactor I (Large) CCL 4 -HAC-H20 and MIBK-HAC-H20 systems
_ 2  _ 0 . 2 3 5  0 . 0 4 9 2
d 32 = 2.24 x 10 NWe ~ <P ... 7.2
Contactor II (Small) CCL^ - HAC - H 20 system
_ 3 0 . 1 0 2  _ 0 . 5 8 8
d ^ 2 = 2.23 x 10 N ^ e <J> ...7.3
For the above correlations the standard deviation of d g 2/D^
about the regression, line and the proportion of total variation
2
about the mean explained by the regression equation, R are 
given as follows:
Equation No. % Deviation R 2 (%)
7.1 10.01 7.6
7.2 20.28 28.0
7.3 18.80 84.3
The values of ^ 3 2/ ca -^cula"te(  ^ from equation 7.1 are compared 
with the experimental values in Fig.7.9
7.3.2 Correlation for Overall Mass Transfer Coefficient.
A dimensionless correlation for overall mass transfer coeffici­
ent K ca, for the continuous phase was derived in Section 6.2:
K aD = K c
— 2 —,
(.0.N).D p a
■«c°Pc"
e
yc ~
c
d32
d ...6.11
U c \  J L ycJ L?cpc L D J
or K aD 
c
U
^N Sc)CFosc 32
D
.6 .1 1 a
For the present studies the dimensionless group hc/5)c P (i*e the
Schmidt No.Nq ) was taken to be same for both systems and con- 
o c
tactors, as a result, this group was highly correlated with 
the other groups in Equation 6.11.
Using multiple regression analysis and the experimental values 
Kca and d 3 2 > the following correlation for the systems and con­
tactors were obtained:
Contactor I (Large) CCL^ - HAC - H 20 system
_ 8 0 . 5 0 9  0 . 6 G 8  0 . 2 3 7
K^aD = 8.33 x 10 ( R e J  ( R e J  (d32)
U
osc
D
A
.7.4
Contactor I (Large). C C L ^ - H A C - ^ O  and MIBK-HAC-H 2O systems.
0 . 2 7 4  0 . 9 5 3  2 . 4 0
K^aD = 0.0237 (Re„) (Re„) (d32)
osc
D
Contactor II (Small) CCL^ - HAC - H 20 system
A
...7.5
0 . 2 8 3  0 . 5 3 0  0 . 2 7 2
K aD = 3.0 (Re ) (Re ) .(d32)
f osc
U D
...7.6
For these correlation (Equations 7.4 -7.6) the standard deviat-
?
ion of K caD/Uc about the regression line and the R terms are 
as follows:
Equation No
..7-4
7.5
7.6
Deviation
12.41
28.79
6.76
r 2 (S)
83.3
95.1
77.5
The values of KcaD/uc calculated from Equation 7.4 are com­
pared with the experimental values in Fig.7.10.
7.3.3 Correlation for Axial Dispersion Coefficient.
A dimensionless correlation for the axial dispersion coeffici­
ent E c , ^for the continuous phase, was derived in Section 6.3:
4T „ p~ . ~ r~ ”i—
. . ,6.17a
E c “ K 1
, CeNyD2 a CurD) e
d a
C L
V L  \  J L- v -J
-b u d [_d J
or
= K1 (NRec)
V
osc tNRec)
D ...6.17b
Westerterp and Landsman (W6) used a similar type correlation
to study axial mixing in a R.D.C and abandoned this approach
since they found that the exponents of (ND ) and (ND ) r
Ke osc Ke t
were interdependent and it was difficult to atach a physical
model to such a correlation. Instead Westerterp and Landsman
(W6) state that from the previous work of Stemerding et al
(S18) and direct observation of their own results, a plot of
*E ' against ’u' at constant stirrer speed gave a straight line
This can be interpreted as the sum of two contributions:
(i) a contribution independent of ’u* and approximately 
proportional to N.
(ii) a contribution independent of N and proportional V.
For a given contactor the relationship is given by (Chapter 
2.4):
E = E
cN cu
. . .7.7
V V V
It is not known whether this method of analysis is directly 
applicalble to the present studies. However, recognizing the
that the exponents of the dimensionless Reynolds Number are 
interdependent, and in the absence of an alternative method, 
it has been decided to adapt the same method of analysis 
(Westerterp and Landsman,W6) for the present studies.
Since the dimensionless terms D^/D and L/D are constant for a 
given contactor, then putting equation 6.17b in the same form 
as equation 7.7:
. E  N = C x (6N1D2 8 ...7.8a
and E = C 7 u D 6 ...7.8bL> 11 U >-»
The values of E c^ / v c were obtained from the intercepts of the 
plot, E /v vs u D/v and E /v from the intercepts of the 
plot E c/\>c vs (0N)D /v (Eqn.7.7) as shown in Figs.7.11.1 and
7.11.2 respectively. The constants C 1 and C ? and the exponents 
'a' and ’e* were found from plots of E c^ / v c vs (0N)D /v and 
E cu/vc vs U CE/\>C as shown in tables 7.2a&b below and Fig. 7.11.3
Westerterp and Landsman - Type Correlation for Axial Mixing 
Coefficient.
Table 7.3a' (From Fig.7.11.1)
N
(opm)
(EcN/v)x 10-2
From Intercepts 
Fig.7.11.1
(0N)D2/v )x 10"4
C 1
From slope 
F i g .7 .1 1 .3a
50 0.50 4.87
60 0.84 5.85 1.325
80 1.16 8.78
Table 7.3b (From Fig . 7.11.2)
u x 10'2
c
cm/sec
(Ecu/v5x IQ'2
From Intercepts 
Fig.7.11.2
(ucD/v C 2
From slope 
Fig.7.11.3b
0.076 0.45 239. 5
0.117 0.70 357.66 0.185
0.157 0.83 475.87
Table 7.3 Data for Westerterp and Landsman type
Correlation for Axial Mixing Coefficient
From F i g .7.11.3,a&b the slope of the plots in both cases are 
straight lines, thus
a = e = 1
Therefore, the dimensionless equation for continuous phase 
axial mixing coefficient (Equ.7.7) becomes:
. . .7.9aE
c
= 1.325 x 10 3 (6N)D2 + 0.185 r u d ic
V L c L vc J
or E
v
1.325 x 10" (NdJRe, ♦ 0.185 (NRe ) ...7.9b
OSC C £
Putting equation 7.9a in the form of the Westerterp and Lands­
man equation:
L/D
T
...7.10
(1.325 x 10" ) (0N)D /u ) + 0.185
The values of E c calculated from equation 7.9a are compared 
with the experimental values in Fig.7.11.4
7.3.4 Power Correlations for the O . B . C .
7.5.4.1 Correlations for Total Mixing P o w e r .
A dimensionless correlation for the total mixing power P^ was 
derived in Section 6.4:
PM K 1 X O N O V P m "
a
~CeN)2DA 3pm )b ...6.20
O N )  d a  pm m
L a
or Np =
K l^NRe^ osc CNWe)b
.. .6.21
For the present studies the interfacial tension was taken to 
be constant since over the concentration range studied, c o n ­
centration had very little effect on interfacial tension
(Appendix A . 1.3). As a result of this the Weber No. was con­
stant for all the operating conditions studied, making it . 
highly correlated with the Reynolds No., thus, reducing the 
correlation to:
N
P = K 1 <N Re)
a
osc
. . .7.11
Using multiple regression analysis and the experimental values 
of P^, the following correlations were obtained:
Contactor I (Large), CCL^ - HAC - H^O system
0 . 4 5 3
N p = 1.34NRe . . .7.12
Contactor I (Large), CCL^ - HAC - H 20 and MIBK - HAC - H 20 
systems
N d = 4.904Nn 
P Re
0 . 3 2 0
...7.13
6 . 0 . 8 9 5
1.47 x 10 N Re ... 7.14
Contactor II (Small), CCL^ - HAC - H 20 system 
N p -
Analysis of the regression equation is given as follows 
Equation No. % Deviation R 2 (%)
7.12
7.13
7.14
15.93
10.09
5.64
52.0 
49.8
97.1
7.3.4.2 Correlations for Power Unit Active Volume.
The dimensionless correlation developed in Section 6.4 for 
power per unit Active Volume. Pya is:
va = K.
(ON) ym
rc0N)DA 2p J
X
r(0N)D.3p 1 
v ■'A m
L- u - 0
...6.22a
m
Npya ■ K 2 (NR e ^  <NWe>C
OSC
For constant a, this correlation reduces to:
.6.22b
N PVa “ K2 CNRe) ...7.15OSC
Using multiple regression analysis and the experimental values 
of Pya , the following correlations were obtained:
Contactor I (Large), CCL^ - HAC - H^O system, 
N Pva ' 0-244N . ..7.16
Contactor I (Large) , CCL^- HAC - ^ 0  and MIBK - HAC - ^ 0  
systems.
1.36
N Pva 0.23214^ . ..7.17
Contactor II (Small), CCL^ - HAC - H^O system 
N,
Pva
6 0 . 5 6 6
5.96 x 10 NRe ..7.18
Analysis of the regression equations is as follows
Equation No.
7.16
7.17
7.18
% Deviation 
1.14 
1.25 
6.28
R 2 (l)
99.9
99.9 
89.7
7.3.4.3 Correlations for Power Per Unit Swept V o l u m e .
From Section 6.4 the power per unit swept volume Pvs is given
by the following correlation:
Pvs ■ K
(8N) Um
3 rceN)DA 2p 1
Z
~ C 0 N ) I),3 p 1 
A Km
a
. . . 6 . 23a
For constant a, this correlation reduces to:
N Pvs = h ' t H e *2 •••7 -19OSC
Using multiple regression analysis and the experimental values 
of Pvs (Tables 20A, 8B, IOC), the following correlations were 
obtained:
Contactor I (Large), CCL^ - HAC - H^O system
1 3 6
NPvs = ° * 530 (NR e } ’ ...7.20
osc
Contactor I (Large), CCL^ - HAC - H 20 and MIBK - HAC - H^O 
systems
1 3 8
N pys = 0.232 (NR ) * ...7.21
osc
The correlation for Contactor II was very poor with a large 
standard deviation.
Analysis of the regression equations is as follows
?
Equation No % Deviation R (%)
7.20 1.58 99.9
7.21 2.79 99.6
The values of N pva and N pvs calculated from equations 7.16 
and 7.20 are compared with the experimental values in Fig . 7.12.
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CHAPTER 8 
DISCUSSION
8.1 Hydrodynamic Results.
Droplet studies were carried out by direct photographic techni­
ques. The purpose of the study was to determine the effect of 
operating conditions on interfacial area which is an important 
factor with regards to the rate of mass transfer and hence ex­
traction efficiency. From the photographic studies it was 
possible to establish the drop size distribution at different 
operating condition from which the Sauter mean drop diameter 
and interfacial area could be calculated.
8.1.1 Drop Size Distribution.
As would be expected in a contactor where one phase is di s ­
persed in another, there exists a distribution of drop sizes, 
this was the case for the O.B.C as shown by Figs.7.2.1 and
7.2.2 for systems 1 and 2. In these Figures, frequency d i s ­
tribution at different oscillation rates were plotted for co n ­
stant phase flowrates. It can be seen that when the peaks of 
the distribution curves are joined together as indicated, they 
appear to lie on an exponential curve. This type of behaviour 
is expected since increasing oscillation results in a decrease 
in drop sizes, and it is in some agreement with the results of 
Ward and Knudson ( W2) and Ross- reproduced in (Tl) Pg.243.
It can also be seen that the spread of distribution about the 
peak diameter decreases with increase in oscillation rate, thus 
indicating that the drop size become more uniform at high o s ­
cillation rate. It would appear from the two graphs that for 
the CCL^ - MAC - H 2O system the distributions are skewed - 
normal distributions while for the MIBK- HAC - H^O system they 
are closer to normal distributions.
8.1.2 Sauter Mean Drop D i a m e t e r .
From Tables 5A and 3B there appears to be no definite trend 
with regards to the effect of operating conditions - varying 
oscillation rate and phase flowrate - on Sauter mean drop 
diameter for Contactor I (Large) and Systems 1 and 2.
For system 1 drop sizes ranged from 0.114 to 0.153 cm and for 
system 2 from 0.073 to 0.088 cm over the range of operating 
conditions studies. However, on the whole it would appear that 
drop sizes increase with increasing flowrate and decreases with 
increasing oscillation rate to a minimum, then increases with 
further increase in oscillation rate. This type of behaviour 
would be expected since an increase in flowrate at constant 
oscillation rate results in an increased droplet hold-up, the 
effect of which is to promote coalescence. With increasing 
oscillation rate a decrease in drop size under constant flow 
conditions would be expected as a result of drop break-up, h o w ­
ever, there appears to be some optimum oscillation rate at which 
the coalescence process predominates the break-up process due 
to increasing droplet density, thus, resulting in an increase 
in drop size. Conversely for Contactor II (Small) increasing 
oscillation rate resulted only in decreasing drop size, the 
extent of which is more marked than for the large contactor, 
while the effect of flowrate at constant oscillation rate is 
similar to that of Contactor I (Large). It therefore appears 
that the effect of the oscillation rate for the two cont a c t o r s ’ 
are different.
One of the important results from the photographic studies is 
that there was no visual evidence of drop coalescence. This is 
also true for all the previous photographic work carried out 
on the O.B.C - both stills and cine film - when operating under 
mass transfer conditions. It is widely accepted and quoted that 
droplets do coalesce in a drop swarm. The possible explanations 
for the lack of this coalescence are (1) the distance between 
droplets is very large as compared to the diameter of the drop 
by using equation 2.25, drops were found to be between 4-8 
diameters apart for Contactor I system 1 - thus, greatly r educ­
ing the probability of collision which is the first stage of 
coalescence, (b) the diameter of drops are so small (<1 mm) 
that they behave like rigid elastic spheres and thus rebound 
off each other when they collide.
Correlations for Sauter mean drop diameter - single systems,
two systems and both contactors - obtained from experimental 
results are given by equations 7.1 to 7.3.
The agreement between experimental and calculated values for 
Contactor I (Fig.7.9) was quite poor. This is not surprising 
since the experimental results did not show any definite trend 
between d ^  and operating conditions. In addition the variation 
in d ^2 over the range of operating conditions studied was very 
small (1.1 to 1.4 mm).
Although the agreement was poor, the exercise was useful inas­
much it showed that unlike most of the other types of contact­
ors, d ^2 f°r The O.B.C cannot be predicted with reasonable 
accuracy from empirical correlations. A table of such correlat­
ions for a wide range of contactors is given by Tavlarides and 
Stamatondis (Tl P-g.230).
8.1.3 Dispersed Phase H o l d - u p .
The effect of operating conditions on hold-up is given in Fig.
7.4.1, 7.4.2 and 7.4.3 for Contactor I (Large) system 1. It 
can be seen that hold-up increases with both oscillation rate 
and phase flowrates.
If the lowest oscillation rate and throughput are taken as the 
datum, then over the ranges of operating conditions studied, 
the effect of oscillation rate on hold-up is more pronounced 
than that of phase flowrate. This can be explained from the 
drop size studies which show that the oscillation rate has a 
more marked effect on drop size than flowrate. At a constant 
total throughput increasing oscillation rate and hence in­
creasing energy input results in smaller drops with larger 
residence time, giving an increased drop hold-up. Constant 
oscillation rate and increasing flowrate also results in large 
drop residence times. However, due to the presence of more 
liquid in the contactor with the same energy input, the change 
in hold-up is not as pronounced as for oscillation rate in­
crease.
The effect of flowratio on hold-up at a constant os­
cillation rate is shown in Fig.7.4.2. It can be seen that the 
hold-up decreases with Increasing flowratio, Q c/Qj (or when 
Q c/Qd < The hold-up increases). This type of behaviour was 
also obtained by Thomas (T6) for the 3 inch I.D O.B.C and may 
be explained as follows: at constant oscillation rate and low 
flowratio most of the energy supplied by the baffles goes into 
dispersing the heavy phase, as the flowratio is increased - i.e 
increase in total throughput the energy available for dispers­
ing the heavy phase is less due to increasing continuous phase 
flowrate. This reduced energy per unit throughput results in 
larger drop sizes, hence a decrease in hold-up.
Fig.7.4.3 shows the effect of inlet solute concentration in the 
feed on hold-up at constant operating conditions. It can be 
seen that at very low solute concentration the hold-up is very 
high and then falls sharply within a range of 2 g/1. This type 
of behaviour can be explained by the effect acetic acid con­
centration has on interfacial tension. As shown in Appendix 1 
the interfacial tension falls rapidly when the solute con­
centration increases from 0 to 1 g/1 and remains almost con­
stant with further increase in concentration. At high inter­
facial tension i.e very low solute concentration, the break-up 
of droplet predominates any other factor that affect drop inter­
action resulting in very fine dispersions, while at low 
interfacial tension i.e relatively high solute concentration 
the tendency of drop interaction and other factors such as drop 
oscillation and internal circulation can result in larger drops 
with a small residence time and hence low droplet hold-up. 
Therefore, it is obvious that feed solute concentration is an 
important factor in establishing the contactors maximum operat­
ing conditions.
Figs.7.4.4 and 7.4.5 shows the effect of operating conditions 
on hold-up for system 2. It can be seen that similar hold-up 
values can be achieved at a much lower oscillatibn rates than 
those for System 1. This is due to the much lower interfacial 
tension of MIBK - HAC - H^O which requires less energy to effect
a similar degree of dispersion.
Figs7.4.6 and 7.4.7 shows the effect of operating conditions 
on hold-up for Contactor II (Small) System 1. Again as for 
Contactor I (Large) it can be seen that if the lowest o s ­
cillation rate and throughput are taken as the datum point,then 
over the ranges of operating conditions, the oscillation rate 
has a more marked effect on hold-up than throughput. A c o m ­
parison of the two contactors Fig7.4.8 show that at a given 
flowrate Contactor II is likely to approach it maximum operat­
ing condition at lower oscillation rate than Contactor I. On 
the whole it would appear that Contactor I can operate effect­
ively at higher operating conditions than Contactor II, which 
is desirable with respect to scaling up.
Fig7.4.9 and 7.4.10 show comparison of the effect of contin­
uous and dispersed phase velocity (based on x-section area of 
contactor) respectively, on dispersed phase hold-up for spray 
towers and the O.B.C.
The graphs of Appel and Elgin (Al) and Johnson and Bliss (J8) 
are interesting in th^t they show hold-up to be a function of 
the system (interfacial t ension), greater the value of inter­
facial tension, the greater the hold-up. It (hold-up) may 
also be related to drop size as well as u^ and u c , but to a 
lesser extent. The O.B.C shows that hold-up is 1 definitely a 
function of and increases with u c up to a certain point 
(Appel show that (j> decreases when u c>1.0 cm/sec). Generally, 
the hold-up values for the O.B.C are in the same * range as for 
the spray column.
From the Figures, comparing,the two contactors, it can be c o n ­
cluded that a number of factors affect droplet hold-up in a 
contactor, namely, physico-chemical properties, operating c o n ­
ditions, and the internal design of the contactor. All these 
factors which are interdependent make the analysis of hold-up 
behaviour in contacting devices rather difficult, and must be 
taken into account when comparing hold-up values for various
types of contactor.
8.1.4 Interfacial A r e a .
The variation of interfacial area with operating conditions for 
Contactor I (Large), System 1 is shown in Fig.7.2.3. It can be 
seen that increasing oscillation rate at constant flowrate r e ­
sults in a marked increase in interfacial area.
Fig.7.2.4 shows interfacial area to be directly proportional to 
dispersed phase hold-up. Since, they are related by:
a = 6(J) ...3.81
^ 2
It would appear that the interfacial area is independent of 
drop diameter. Similar relationships has been reported for 
spray and packed towers by Ladda and Degaleesan (L2 Pg.452 and 
454). It is clear that the magnitude of the interfacial area 
is dependent solely on the hold-up, thus the factors affecting 
hold-up also apply to interfacial area.
Comparing the spray contactor with the O.B.C, for the spray 
column once the drops are formed by the nozzle there is no 
agitation to change their size. Some disruption will occur for 
low interfacial tension. In this case 'a' is much more d epen­
dent on (j> than d ^ *  Therefore, it follows that ’a 1 depends on 
(f>, and all the p a r a m e t e r s , ^ ,  u^ and a which affect cf> will 
also affect ’a ’ almost in direct proportion. For the O.B.C 
the oscillating baffles act fairly quickly in producing a di s ­
persion with almost constant drop sizes - i.e a state where the 
drops are formed is reached soon after the discontinuous phase 
enters the contactor. The lower hold-up values especially e n ­
sure the drop do not coalesce, resulting in a fairly constant 
drop size which is low in value (1 to 2 m m ) . Again the hold-up 
determines fa ’, while u c> and a fix the values of hold-up. 
Fig.7.2.4 show the same ’a' dependency for the O.B.C.
. Fig.7.2.8 compares the effect of oscillation rate on inter-
facial area for Contactor I (Large) and II (Small). It can be 
seen that under similar operating conditions, increasing os­
cillation rate has a much more marked effect on ’a ’ for Con-
\
tactor II than for Contactor I. This is due to the difference 
in the degree of mixing within the two contactors. For Con­
tactor I (Large) only 52% of the active volume is directly 
mixed by the baffles while for Contactor II (Small), 82% of the 
active volume is directly mixed by the baffles. However, the 
behaviour of the curves (Fig.7.2.8) suggest that Column II is 
quite close to it maximum operating condition at 120 opm at the 
specified throughput, while it would appear that Contactor I 
can go on operating efficiently at much higher oscillation 
rates.
N
opm
u
cm/sec
a
cm^/cm^
K x 106 
c
cm/sec
Contactor I (Large) 
Contactor II (Small)
120
120
0.157
0.157
1.067
8.280
80.88 
13. 55
Table 8.1 (Data from Tables 5A and 3C)
It is interesting to note from Table 8.1 that under the same 
contitions of operating, the mass transfer coefficient obtained 
in Contactor I (Large) is approximately 7 times that of C o n ­
tactor II (Small), while the interfacial area in the latter is 
8 times that of the former. It is not obvious why K c is im­
proved to the extent it is in the larger contactor. Inspection 
of theoretical equations containing kc (within the Sherwood 
No.) - given in Laddha and Degaleesan (L2 Pg.199 & 200) and 
listed in Appendix A . 3.3 for convenience - is not all that 
helpful in asmuch as the equations are very limited in applicat­
ion. In reality in the present contactors, there is a range 
of drop sizes so that despite the fact d ^  is small in value
( 1 mm) there will be a range of drop sizes. In some of the 
drops there may be internal circulation and even oscillation, 
while other smaller drop behave like rigid elastic spheres. 
Referring to the Tables in Appendix A . 3.3, within the present 
range of drop sizes there would be little effect of d ^  on ^c * 
This isalso true of k^. In one case of Handlos and Baron (H3), 
drop diameter is not included in the equation for k^. There 
is the added difficulty that for most of these equations they 
apply to a single file of drops and therefore become uncertain 
when applied to swarm of drops. Clearly, as has been stated 
before there are many such equation for kc , k^ and Ng^ but in 
practice they have limited value, Referring to the present 
case of Table 8.1 it can be stated with confidence that the 
measurement of d ^  experimentally is most unlikely to contain 
an error in d ^  to allow for the difference of 8 times the 
interfacial area in one contactor compared with the other. 
Investigation shows that as ’a' is obtained from Equ.3.8.1 
(a = 6<$>/d^2) then there is a compensating effect in <|>p (the 
hold-up) which within the limitations of the present drop size 
distribution, the magnitude of ’a 1 is not seriously affected. 
This infact minimizes error of measurement.
Therefore, the trend in the value of Kc is quite acceptable, 
the only comment is that it highlights the changes that can 
occur in mass transfer coefficients under real conditions that 
cannot be predicted with confidence from existing theoretical 
equations. The same remarks can be made about the problems of 
scale-up.
Clearly, from Table 8.1, with virtually the same value for 
Kca the large contactor is just as effective in the mass trans 
fer as the smaller contactor, but of course it has a much 
higher duty. In this sense the present arrangement of three 
baffles in the larger contactor is most acceptable, however, 
because of the mode of operating of the large contactor (there 
is a proportion of unswept volume) one has to say that the 
problem of scale-up is a very difficult one.
8.2 ' Mass Transfer Result's.
8.2.1 Solute Concentration P r o f i l e s .
The effect of operating conditions on concentration profiles 
for Contactor I (Large), System 1, is shown in Figs.7.1.1 and
7.1.2. The concentration profiles are for the continuous 
phase since these were obtained by direct experimental 
measurements. The dispersed phase profiles were obtained from 
mass balance using a measured y and the terminal x values. 
Although, they have not been represented graphically, they 
have the same shape as their corresponding continuous phase 
profiles.
Taking the lowest phase flowrate and oscillation rates as the 
datum for comparison, it can be seen that there is a gradual 
change in the shapes of the profiles as the phase flowrates 
are increased at a constant oscillation rate and constant in­
let solute concentration in the feed phase (x^) F i g . (7.1.1).
At low flowrates a large percentage of the solute extracted 
takes place in the lower part of the contactor, as the. flow­
rate is increased the whole contactor become more effective 
in solute extraction.
From 7.1.2 it can be seen that there is a marked in oscillation 
rate which are more pronounced than those of changes in flo w ­
rate (Fig.7.1.1). At the lowest oscillation rate it can be 
seen that more than 751 of the solute extracted takes place 
within 35% of the active volume of the column, indicating 
that the contactor is under operated at this oscillation rate 
As the oscillation rate is increased more of the c o n t a c t o r ’s 
active volume becomes effective in the extraction process -at 
the highest oscillation rate 100% of active volume is effective. 
This poor extraction at low oscillation rates can be attri­
buted to poor dispersions resulting in large drop sizes, thus 
low interfacial area, and low mass transfer rates.
Fig7.1.3 show the effect of flowratio at constant x^, at a
high oscillation rate. It can be seen that all the curves are 
similar in shapes and indicate a large percentage of the active 
contactor volume is effective in solute extraction.
Fig7.13 shows the effect ofinlet solute concentration x^ in the 
feed on concentration profiles. The shapes of the p r o f i l e s - 
are approximately the same.
Figs.7.1.5 and 7.1.6 show the effect of operating conditions 
on concentration profile for System 2. It can be seen that 
the effect of the individual operating conditions on the con­
centration profile are the same as for System 1.
Fig.7.1.7 and 7.1.8 show the effect of operating conditions on 
profiles for Contactor II, System 1. Although the operating 
conditions has the same effect as for Contactor I, the shape 
of the profile are different (as shown in Fig.7.1.9 at similar 
operating conditions), they have a steeper slope and take the 
form of an S-shape. It is evident that the two end sections 
of the active volume is not as effective in extracting solute 
as the mid-section. The shapes of the profile may be explained 
by the variation in drop diameter along the contactor length.
At the top of the contactor where the dispersed phase enters 
the drops are relatively large giving a low interfacial area 
for mass transfer. As they move through the contactor they 
are broken up, and by the time they reach the lower end of the 
contactor a large proportion becomes so small in size that they 
behave like rigid elastic spheres, which can have the effect 
of reducing the mass transfer rate due to reduced internal 
circulation. The difference in slope can be attributed to 
difference of active volume that is being swept by baffles in 
the two contactors - for Contactor I 52% of the active volume 
is swept by the baffles while for Contactor II 82% is swept by 
baffles.
8.2.2 Effect of Operating on Contactor Performance.
The mass transfer performance of the contactors was established 
by calculating Number of Transfer Units NTU, Heights of T rans­
fer Units HTU and Overall Mass Transfer Coefficients Ka. For 
the present studies the NTU values were calculated from the 
continuous phase concentration profiles and the equilibrium 
relationship (Eqn.A.1.1) by the method described in Chapter 
3.1.6. The other two performance characteristics were ca l ­
culated from the NTU values by equations 3.2.1 and 3.25. It 
was decided that as the NTU values were obtained from direct 
experimental measurements, these values would take precedence 
over the others in discussing the performance characteristics.
Although the discussion that follows is based on the apparent
measured continuous phase values of NTU , HTU and Ka ,
r c m ’ cm c m ’
values for the dispersed phase NTU^m , HTU^m and Ka^m were also 
calculated and are shown in Tables 6A, 7A, 5B, and 4C for the 
different contactors and systems. The dispersed phase values, 
although different in magnitude from the continuous phase 
values, show the same trend with variation in operating c o n ­
ditions (Fig.7.3.3) as the continuous phase values.
Overall Number of Transfer U n i t s .
The overall number of transfer units is important since it is 
a measure of the difficulty of separation.
Fig.7.3.2 shows the effect of operating condition on NTU for
Contactor I, System 1. It can be seen that NTU increase with
both increase in flowrate and oscillation rate. At low o s ­
cillation rates the increase with flowrate is more pronounced 
than at high oscillation rates. This type of behaviour can 
be explained by two factors which counteract each other. It 
is known that increase in oscillation rate results in (a) 
increase in turbulence within the contactor which has the 
effect of increasing the extent of axial mixing, hence reducing 
the driving force for mass transfer and (b) decrease in drop
size giving an increase in interfacial area which results in 
higher mass transfer rates. These factors can be related to 
the experimental results as follows: At low oscillation rates
the degree of turbulence is relatively low thus the effect of 
axial mixing is small, and the increase in interfacial area 
due to increase in flowrate results mainly in increased mass 
transfer rates. As the oscillation rate is increased, the 
degree of axial mixing and the interfacial area increases with 
increase in flowrate. However, from the graphs (Figs.7.3.1 
and 7.3.2) it would appear that the loss in mass transfer 
(as shown by decrease in NTU) due to axial mixing increases at 
a faster rate than the gain in mass transfer due to increased 
interfacial area. This results in a smaller net increase in 
mass transfer rate which is reflected in the curvature of the 
g r a p h s .
Figs.7.3.4 and 7.3.5 show the effect of oscillation rate and 
phase flowrate respectively on NTU for System 2. The shapes 
of the curve are similar to those of system 1 , however,com­
parison of the two systems show that much higher NTU values 
for System 2 at lower oscillation rates. This can be attributed 
to the lower interfacial tension and the lower density of 
MIBK which requires much less energy for dispersion. These 
properties also promote drop oscillation and internal cir­
culation which increases the mass transfer rates.
Figs. 7 . 3 .6 and 7.37 show the effect of phase flowrate and 
oscillation rate respectively on NTU for Contactor II (Small) 
and System 1. The effect of phase flowrate is similar to those 
for Contactor I. However, for increasing oscillation rate at 
a constant flowrate, the NTU increases to a maximum at 100 
opm and then decreases with further increase in oscillation 
rate. It would appear that at oscillation rates above 100 
opm the degree of axial mixing is high and counteracts the 
increase in mass transfer resulting from higher interfacial 
area, giving an overall decrease in mass transfer rates.
Heights of Transfer Units - HTU.
Figs7.3.8 to 7.3.16 show the effect of operating conditions on 
HTU for Contactors I and II and Systems 1 and 2. At constant 
contactor le n g t h , HTU is inversely proportional to NTU, thus 
the explanation given for NTU would also apply to HTU. H o w ­
ever, two variations in operating parameter not discussed 
above are the effects of flowratio and inlet solute concentrat­
ion in the feed (x^), on contactor performance.
From 7.3.9 it can be seen that HTU increases with increasing 
flowratio. This type of behaviour would be expected since, as 
shown in Fig.7.4.2 and discussed in Chapter 8.4, the decrease 
in dispersed phase hold-up with flowratio results in lower 
interfacial area, hence lower mass transfer coefficients. As 
HTU is inversely proportional to K ca, an increase in HTU is 
the result Fig.7.3.10 shows that HTU decreases with increasing
x - .
i
A comparison of the effects of operating conditions on HTU for 
Contactor I and II is shown in Figs.7.3.15 and 7.3.16. In 
both cases it can be seen that at the same throughput 
velocities and oscillation rates, the HTU values for C o n ­
tactor I are greater than those for Contactor II. This can 
be attributed to the difference in active volume swept ( or 
effectively mixed) by the baffles. For Contactor I this value 
is 52% and for Contactor II it is 82%.
Overall Mass Transfer Coefficients, K a .
Figs 7.3.18 to 7.3.24 show the effect of the various operating 
conditions on overall mass transfer coefficient for the c o n ­
tinuous phase Kacm> In all cases (except Fig.7.3.22) it can 
be seen the Kacm increases with both oscillation rate and 
phase flowrate.
Sectional Values of NTU, HTU and Ka.
The overall values of NTU as shown in Tables 6A, 7A, 5B and 
4C were a summation of sectional values calculated for each 
30 cm section of extractor length as shown in Appendix 4.1.
Fig . 7.3.24 show the variation of overall mass transfer co­
efficients along the column length. All the graphs show a 
trend of decreasing Kacm values from the bottom to the top of 
the contactor. This type of behaviour is expected since the 
incoming feed phase is either in the form of large drops or 
streams of liquids, thus having a low interfacial area. As the 
phase descends through the contactor it is broken up into small 
droplets by the energy input from the agitator. This creates 
a higher interfacial area for mass transfer, resulting in 
higher mass transfer coefficients.
8.2.3 Empirical Correlations - for K ^ a .
Dimensionless correlations for K ca were developed in Chapter 
6 .2 . Correlations for single system, two systems and for both 
Contactors are shown in Chapter 7.3.2. Since the present 
studies were restricted to acetic acid as solute and water as 
the continuous phase the correlations are limited in use to the 
present studies and the following cases where:
(a) Water is the solvent in one phase
(b) Direction of solute transfer is from the dispersed 
phase
(c) The organic phase is the dispersed phase
Fig 7.10 show a plot of the experimental Ka values against the 
calculated values for System 1 and Contactor I. Good agreement 
between experimental and calculated values is obtained, and it 
can be seen from the table analysing the regression equation 
(section 7.3.2) that the standard deviation of the experimental 
values about the regression line is 1 2 .4 % which is well within 
the limits of experimental error.
8.3 Axial Mixing.
The purpose for carrying out axial mixing studies was to obtain 
via the axial mixing parameters - axial mixing coefficient E , 
and Peclet Number P , - the extent of backing mixing in the 
contactor. This can only be done meaningfully by reference to 
the continuous phase. Such a study on the dispersed phase 
would involve mixing the dye with this phase which may affect 
the physical properties of the system such as interfacial 
tension, giving inaccurate experimental results. In addition 
to this, there are practical difficulties and economic factors 
which would be encountered in such a study as described in 
Chapter 5.7.
8.3.1 Residence Time and Axial Mixing Para m e t e r s .
The experimental method has been described in Chapter 5.7 and 
the results are given in Tables 13A - 15A. Dye studies were 
only carried out on the large contactor (Contactor I) since 
similar studies were carried out by previous workers - Weng 
(1V5) on the 7.5 cm I.D. O.B.C and Clare (C7) on the 15 cm O.B.c.
Fig 7.6.1 shows the effect of the single phase flowrate on 
mean residence time (m.R.T) at different oscillation rates. It 
is immediately evident that the increasing oscillation rate 
has very little effect on the M.R.T, for instance at a flow­
rate of 400 1/hr the M.R.T, varies 1133 to 1039 secs over a 
baffle range of 60 to 90 opm. However, there is a marked 
decrease in M.R.T with increasing flowrate and it would appear 
that at flowrates in excess of 600 1/hr the M.R.T would 
approach some constant value of about 500 - 600 secs. It can 
also be seen that the measured values for M.R.T. y, are quite 
close to the values calculated from the relationship t = V/ y  . 
However, there is no definite trend with regards to the v a r i a t ­
ion of (y - t) as obtained by Weng (W5). He found that this 
difference (y - t) approaches zero as the flowrate is increased. 
Any minor differences between the results of W e n g ’s study and 
the present studies are not suprising since the hydrodynamic
conditions under operation are totally different.
The difference (y - t) can be used as a measure of the depart­
ure from both plug flow and mixed flow depending of the nature 
of the process. In the case of countercurrent continuous flow 
operations where the flow can be regarded as far removed from 
mixed flow one would tend to use this difference as a measure 
of the departure from plug flow. However, this type of 
analysis for establishing the type of flow is oversimplified 
and possibly apply to only ideal cases.
The axial mixing parameters obtained from RTD studies are the 
Peclet Number and axial mixing coefficient E . The Peclet 
Number is obtained directly from the experimental studies by 
Van de Laan equation for a closed channel - equation 3.57. E c 
values were calculated from the Peclet No. by equation 3.56. 
These values are plotted in Fig.7.6 .3 and 7.6.4.
Fig. 7.6 .3 shows that at constant oscillation rate and increas­
ing flowrate, the Peclet Number decreases at first - from 200 
to 300 1/hr - and then increases quite rapidly with further 
increase in flowrate. This type of behaviour is somewhat 
strange and no logical explanation can be given at this point. 
However, it may be suggested that this can be due to experi­
mental error at the very low flowrates, and it has been 
decided to ignore these points for the time being until a more 
extensive study can be carried out. Neglecting these points, 
it can be seen that the Peclet Number increases with both 
flowrate and oscillation rate. Taking the lowest flowrate and 
oscillation rate as the datum, the graphs show that the in­
crease in P e with flowrate is more pronounced than the in­
crease with oscillation rate. It is also interesting to note
that at the low oscillation rate the increase in P^ with flow-e
rate is more marked than at the high oscillation rates. The
reason for this is at low oscillation rates the degree of
turbulence is quite low, giving a small degree of axial mixing,
hence small E c values. As the oscillation rate is increased
E also increases, and since E is inversely proportional to 
^ c
P , the P values increase with decrease in oscillation rate, 
e e
the rate of increase being dependent on the degree of axial 
mixing. This is discussed in more detail in Section 8.3.3.
8.3.2 Empirical Correlation for Axial Mixing C o e fficient.
A correlation for the axial mixing coefficient E , was obtained 
by using the Westerterp and Landsman (W6 ) type equation as 
described in Chapter 7.3.3 (Eqn.7.7, 7.8 a & b ) .
Experimental results were used to find the coefficients of the 
equation, and the values for E c calculated from the correlation
■. E = 0.185 .(u D) + 1 .325 x I C f 3 (6N ) 2p ... 7.9a
are compared with experimental values in Fig.7.11.3. The 
agreement between the experimental and calculated values was 
quite good considering the limited experimental data used to 
obtain the correlation. Better agreement can be achieved by 
doing a more extensive study.
E c values were also calculated from the Miyauchi and Vermulen 
type one dimensional diffusion equation (Eqn.3.67) by the 
method given in Appendix A . 3.2. These values are tabulated in 
Table 7.2 together with the values obtained from the dye 
studies and the empirical correlation (Eqn.7.9a). The E c 
values obtained by the three methods are of the same order of 
magnitude. The difference in values can possibly due to the 
end effects associated with the dye studies.
Overall, as the values obtained by the different methods are 
close, it is reasonable to assume that the values obtained by 
the dye studies can be used as a measure of the degree of 
axial mixing within the contactor with confidence.
8.3.3 Effect of Axial Mixing on Mass Transfer - One Dimensional
Diffusion M o d e 1 .
It was not quite clear from the axial mixing studies whether 
the type of flow through the O.B.C is far removed from plug 
flow or not. This.is due to the poor interpretation of the 
significance of the values attributed to the dispersion number 
E /uL, or Peclet Number P , for different conditions of mixing- 
as already explained. However, on intuitive grounds with 
regards to the nature of the extraction system (i.e O.B.C being 
a countercurrent continuous contactor) one could reasonably 
assume that the system is far removed from perfectly mixed flow, 
thus permitting the use of the one dimensional diffusion model 
(which assumes plug flow with supermiposed axial mixing) to 
study the effect of axial mixing on mass transfer for the con­
tinuous phase.
Solution of the M o d e l .
The diffusion model for the continuous phase as developed in 
Chapter 3.3.2 and repeated below for convenience.
d ZY + P dY - N P (Y* - Y) = 0 ...3.71
  e —  oc e K J
d Z 2 dZ
has been solved by two methods - analytically and numerically. 
Both of these solutions are given in Appendix A . 3.1.
An accurate solution to this equation required (a) fairly 
accurate boundary conditions (b) the variation of Number of 
Transfer Units (NQC or NTU) and Peclet Number (P0) with co n ­
tactor length to be included in the solution and (c) the use 
of True Number of Transfer Units. Practically, it is exceed­
ingly difficult to satisfy these requirements exactly, and 
although a number of solutions to this equation have been p r o ­
posed in the literature, only one or two workers have applied 
it to actual experimental data. In solving the equation for 
the present work exact agreement between experimental and 
theoretical profiles was not expected.
Theoretical boundary conditions have been developed (D3,M8,W3) 
from material balances around the end sections of the contactor 
Of the boundary conditions the most important are those asso­
ciated with the active section of the contactor. It is very 
important to define whether the concentration of the solute in 
the continuous phase (Y) should be related to position (Z) just 
before entry or just after entry in the active contactor sect­
ion. Most of the previous workers considered the former but 
if the latter is considered then it has a marked effect on the 
subsequent concentration profile in the contactor. In p a r t i ­
cular the boundary conditions at entry being referred to are:
(1) Just before entry (see Fig.8.1), Y = Y°
(2) Just after entry (see Fig.8.1), Y = Y q
of these definitions,(1) was not used in the present work. 
Method (2) was used in two ways:
where Y q was measured in practice.
(b) ( d Y / d Z ) ^ ^  obtained from a graphical plot of Y vs Z by
extrapolating to Z = 0 at ZQ then drawing a tangent at that 
point to the curve to get ( d Y / d Z ^ . Q  at Z +
Fig.8.1
These differ inasmuch as for (1) dY/dZ = 0 and for (2)
(dY/dZ)Z=Q - P e (Yo - Y°)
(a) assuming Y° = 0, then
(dY/dZ) z=0 « P e (Yo )
The variation of N q c  along the contactor length was included 
in the solution by fitting a curves to sectional values given
in Table 10A. However, the P values used were overall valuese
obtained from dye injection studies.
Finally, although the solution required true values of N , it
has been shown by Thomas and Weng (T7) that for the 7.5 cmi.d.
O.B.C, the fifference between true and measured values are
within 10%. It can be assumed with some justification that the
behaviour of the multiple baffle O.B.C would not be too far
removed from the small O.B.C. Hence, the use of measured N „9 oc
instead of true N for the present studies can be used with-oc r
in reason.
Concentration profiles obtained from the solutions of the one 
dimensional diffusion equation (Eqn.3.71) are given in Table
7.1 and plotted graphically in Fig.7.8.1 for both types of 
solutions. Fig.7.8 .2 shows the effect of boundary conditions 
on the theoretical profile. Superimposed on both of these 
Figures are the experimental profiles.
From Fig . 7.8.1 it can be seen that the theoretical concentrat­
ion profiles resulting from both types of solutions are r e ­
moved from the experimental profile. The reason for this 
difference is not immediately obvious and can be due to the 
contribution of a number of factors such as (a) the variation 
of P e (and therefore E ) along the contactor length- this is 
discussed further in Section 8.3.4 - (b) the use of experi­
mental number of transfer units instead of the true values
(c) the use of linear equilibrium relationships for the a n aly­
tical solution - as described in Appendix A . 3.1.1 and (d) 
other complex hydrodynamic factors which are reflected in the 
experimental profiles but not in theoretical profiles.
However, it is important to note that the shape of both of the 
predicted profiles in Fig . 7.8.1 are similar to that of the 
experimental profile. This is quite remarkable and proves 
that the Miyauchi and Vermulen goes a far way in describing the 
extraction process in the O.B.C. Fig.7.8 .2 shows that b o u n d ­
ary conditions has a definite effect on the predicted profile
and this can be another factor that contributes to the d i s ­
crepancy between experimental and theoretical profiles.
Clearly, there are significant limitations associated with the 
use of the one dimensional diffusion model since it requires 
accurate boundary conditions, relationships for the variation 
of true N q c  with Z for the particular extraction system at 
different operating conditions, and the use of true equilibrium 
relationships. Further limitations can arise from the complex 
hydrodynamic factor that are associated with different systems 
and types of extractors.
The applicability of the diffusion model - although limited - 
to describe the extraction process in the O.B.C justifies the 
assumption made above (on intuitive grounds) that the flow 
through the contactor can be taken as piston or plug flow with 
superimposed axial mixing. Hence, the flow pattern in the
O.B.C can be regarded as not far removed from plug flow.
This now throws wide open, the whole concept of the use of 
Peclet Number both quantitatively and qualitatively to measure 
a s y s t e m ’s departure from plug flow or mixed flow. As stated 
in Chapter 3.2.4, the conditions necessary for plug flow (i.e 
as quoted in the literature) is that P e^ ° ° , however, as shown 
in the present studies Peclet Number of between 7 and 19 were 
obtained, while the application of the diffusion model as 
shown in the Miyauchi and Vermulen equation (equation 3.71) 
suggests that the system is not far removed from plug flow. 
While the numerical values of 7-19 are far removed from in­
finity, there may be circumstances when the effects associated 
with these values are not far removed from those which would 
occur when infinity was reached. However, this leads to some 
confusion and uncertainty.
While there is no doubt on the usefulness of the concept of P g 
as a measure of mixing in the intermediate ranges, and to the 
performance of apparatus in which mixing occurs, but differs 
from the simple case of flow in pipes, for more obvious cases
it has value, especially in defining plug flow and perfect 
mixing.
8.3.4 Ihterpretatio'n of the Diffusion M o d e l .
Interpretation of the diffusion model was attempted by c a l ­
culating the terms that make up the one dimensional diffusion 
model in dimensional form - equation 3.67. These values are
shown in Table 16A. It can be seen that the values of .
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E cd y/dh are quite small as compared the values of the other 
two terms.
Miyauchi and Vermulen (M8) stated that in the absence of axial 
mixing the second derivative term would be negligible compared 
with the others thus, the concentration term and first d eriva­
tive term would then have equal and opposite slopes. Fig.7.6.6 
shows the numerical values of these terms for a given operating 
condition sum to zero at each plane h. The negative term r e ­
presents the rate at which solute is supplied to the plane by 
(a) mass transfer from the dispersed phase and (b) axial m i x ­
ing while the positive term represents. the rate at which it is 
removed by convective flow. It can be seen that the axial 
mixing contribution is comparatively small and approximately
constant along the contactor. Fig.7.6 .5 shows the variation of 
2 2
the E cd y/dh term along the contactor length. It can be seen 
that the values increases with increase in height from the 
bottom to a maximum value after which they decrease. This 
height at this maximum is different for different operating 
conditions and as dicussed earlier this is probably due to 
variation in the degree of axial mixing along the contactor.
8.4 Maximum Operating Conditions.
The maximum operating conditions for a countercurrent liquid- 
liquid contactor is established by determining the flooding 
point. The whole concept of flooding and the point in operat­
ion at which flooding is said to occur is somewhat unclear. 
Normally the optumum operating condition is taken at approxi- 
mately 7S% of the maximum operating conditions.
In the present work, flooding studies were carried out at two 
inlet solute concentration in the feed phase x^. The flooding 
point was taken as the operating conditions where there was a
marked increase in hold-up with a small change in phase flow­
rate at a given oscillation rate. Fig.7.5.1 shows the v ariat­
ion of hold-up with liquid throughput at x ^ ^ 0.5 g/1 and x^ =
20 g/1. It can be seen that the presence of solute in the 
CCL^ has a marked effect on the hold-up in the contactor and 
on the flooding point. As shown, while the colum "approaches”
flooding at about 600 - 700 1/hr at low x^, there is no in­
dication of flooding at 1000 1/hr at high x^. Both studies 
were carried out at continuous phase flowrate of 600 1/hr. It 
is exceeding difficult to give an accurate explanation as why 
this is so. However, Ismail (12 .) showed experimentally by 
interferometric studies on interfacial mass transfer of acetic 
acid between CCL^ and ^ 0  that the interfacial tension of pure 
CCL^ decreases quite rapidly with the addition of a very small 
amount of acetic acid (small meaning 1 g /1 ), after which there 
is very little change in the interfacial tension as more acetic 
acid is added. It would appear that this phenomena is one of 
the factors that contributes to the hold-up behaviour as m e n t ­
ioned above.
Furthermore, since the prime function of a contactor is to 
extract solute from one liquid phase by another, the use of 
non mass transfer systems by a number of workers in establing 
maximum operating conditions in contactors is questionable.
Fig.7.5.2 shows the effect of continuous phase flowrate on
hold-up at various dispersed phase flowrate for ,0.5 g / 1 .
It can be seen that at low dispersed phase flowrate there
was no indication of flooding as the continuous phase flowrate 
Q c was taken to the flowmeter limit. As is increased 
maximum operating condition is approched and from the Figure 
it can be seen that at maximum operating conditions is in­
versely proportional to Q .
8.5 Power Studies.
8.5.1 Total P o w e r .
The total power P^ ,, consumed by the contactor under two phase 
mixing operation can be devided as follows:
(1) The dry power Ppry* This is power consumed to over­
come friction in the bearings and drive unit, and is 
measured when the column is empty.
(2) Single continuous phase mixing power, P ^ . This is 
power consumed in mixing only the single continuous 
phase, and is obtained by difference.
(3) Single dispersed phase mixing power, P ^ *  This is 
the addional power over P ^  consumed under two phase 
operation, and is also obtained by difference.
These power quantities are related as follows:
P = P + p + p
T Dry rMl *M2
Tables 1 7 A -  19A show the effect of operating conditions on 
the different power quantities. It should be noted that for 
the single phase mixing power there was no measurable variation 
in torque (hence power consumed) with phase flowrate. It can 
also be seen that under constant operating conditions the 
values of P ^  are very small as compared with P ^  ( ^ 2  0.5-1
p
M l ) . This is very interesting as it would appear at first 
sight that the extra power required to create the interfacial 
area is very small. However, more careful analysis would 
suggest that most of the energy that is required to disperse 
the phase is already present in the form of eddies created by 
just mixing the single continuous phase and the energy needed
to disperse the phase is the sum of this extra energy P^ >
plus part of the energy already consumed in mixing the single
o\
o
phase. If the "useful power" is defined as power necessary 
for dispersing the phase or creating interfacial area then,
Pu C x PM1 + PM2
To obtain a value for C by experiment is virtually impossible, 
as a result of this, it has been decided that a discussion 
with these as separate quantities would be meaningless. They 
have been combined and referred to as the Total Mixing Power
PM *
PM = PM1 + PM2
Fig.7.7 shows the effect of oscillation rate on Dry, Mixing 
and Total power. It can be seen that the Dry Power relation­
ship is almost linear and does not show the same marked change
in shape with oscillation rate as the mixing and total power
curves which are non-linear. It is evident that the energy 
consumed in overcoming frictional effects increases in a more 
uniform manner than the energy consumed in mixing. This can 
be attributed to the changing hydrodynamic conditions within 
the contactor which have a pronounced effect on mixing power 
and very little on the dry power. This type of behaviour is 
also shown by system 2 (Contactor I) and Contactor I (System 1) 
as shown in Figs.7.7.4 and 7.7.6 respectively.
8.5.2 Power per Unit V o l u m e .
The power quantities discussed above are with reference to the 
specific contactor. In order to put these values in a form 
that would facilitate comparisons and scale-up ,the power per 
unit volume is used instead of total power. It is normal to 
use the power per unit active volume, however, for the O.B.C 
wherein only part of the active volume is swept directly by 
the baffle, it was decided to use the power per unit active 
volume and power per unit 'swept' volume Pvs for c ompari­
sons. Obviously a more representative value for the actual 
system would lie some, where between these two extremes.
Fig.7.7.2 shows the variation P. with flowrate at various & va
oscillation rates for Contactor I System 1. As in the case of 
total mixing power it can be seen that the variation in I^ .a 
with flowrate is very small as compared to its variation in 
oscillation rate. This type of behaviour is also shown by 
System 2 (Contactor I) and Contactor II (System2).
Fig.7.7.3 shows the effect of dispersed phase hold-up on ^va •
It can be seen that at constant flowrate and varying oscillat­
ion rate the power increases with increasing hold-up, however, 
it would appear that at high oscillation rates very small in­
creases in hold-up results in a marked increase in ^va > making
the contactor uneconomical to operate since it was shown
earlier that the dispersed phase has very little effect on 
mixing power, it would appear that a high oscillation rates 
(>120 opm) the hydrodynamic conditions within the contactor is 
very sensitive to small increases in hold-up.
Fig.7.7.9 shows the comparison of the effects of oscillation 
rate on Pva and Pys for Contactor I and II at constant velocity 
throughput. It can be seen that for both cases the power co n ­
sumed by the large contactor is in the region of 40 - 50% of 
the smaller contactor at the same oscillation.
Contactor I(Large)
Contactor II(Small)
Table 8.2
Table 8.2 is a comparison of mass transfer rates and power co n ­
sumed by the two contactors at 80 opm and ia = 0.1572 cm/sec.
It can be seen that although only half the power is consumed 
by Contactor I at the same operating condition, the mass trans­
fer coefficient for Contactor I is half that for Contactor II. 
Most interesting is that the interfacial area values for the
two contactors are within 10%, while the K value for Contactor
c
II is higher than that of Contactor I (Large). This difference
Interfacial Area K a. Pv ~ P
2 3 1 3 3
cm /cm sec J/sec m J/sec m
0.650 69.6 160.99 70.99
0.690 123.1 278.77 164.11
can be attributed to the difference in swept volume. While 
82% of the active volume of Contactor II is swept by the baffl 
only 52% of the active volume of Contactor I swept. The 
higher degree of turbulence within the smaller contactor - due 
to a smaller proportion of unswept volume - results in a K c 
value that is higher than that of the large contactor. H o w ­
ever, this is compensated for by the fact that Contactor I is 
capable of handling much higher throughputs than Contactor II.
8.5.5 Power Correlations.
Dimensionless correlations for the various types of Power Nos.
i.e Np, Npva and Nj^. were developed in Chapter 6.4. Correlat 
ions for a single system (Systeml), two systems (Systems 1 and 
2) and for both contactors are shown in Chapter 7.3.4.
For Contactor I (Large) the agreement between experimental and 
calculated power number - can be ascertained from the analysis 
of the regression equation - for the correlations based on 
power per unit volume Py^ (Eqns.7.16 & 7.17, 7.20 & 7.21) was 
much better than the correlations based on total mixing power 
P^, (Eqns. 7.12 & 7.13) while the reverse was true for Con­
tactor II (Small). This is not surprising since the mixing 
system for the two contactors are different.
It is interesting to note that for Contactor I, the index of 
the Reynold number for the correlations based on power per 
unit active volume Pya and power per unit swept volume are the 
same i.e
1.36
Re-' osc 7.16
N 7.17
the only difference being in the constant term, which makes 
Npvs a simple multiple of N p y a . From the present studies it 
would appear that N pvs ^  2 N p V a , however, a more extensive
study would be necessary to confirm this.
Fig . 7.12 shows a comparison of experimental and calculated 
values for the power correlations given by equations 7.17 and 
7.21. The agreement between the experimental and calculated 
values for both cases was exceptionally good, with a mean 
deviation of approximately 1.5%.
CHAPTER 9 
CONCLUSIONS
The experimental investigation of the performance of the multi­
ple baffle and single baffle contactors can be summarized as 
follows:
(1) Values of NTU, HTU, K ^ a , K^a, a, <p, d ^ *  The ex­
traction efficiency have been established experimen­
tally for two extraction columns. The values were 
obtained for a series of flow rates of both phases
(2) Two liquid systems were used namely, CCL^/HAC/water 
and MIBK/HAC/water, transfer taking place in the 
direction CCL^ anc  ^ MIBK - water where CCL^ and
MIBK were the dispersed phase.
(3) The two columns consisted of Oscillating Baffle Con­
tactors as described originally by Thomas, BP 52556/ 
1966. The respective diameters of the contactors 
were 15 cm and 30 cm. The purpose being to study 
scale-up. In addition the 15 cm contactor had just 
one oscillating baffle and the 30 cm contactor com­
posed of 3 oscillating baffles of the same size as
in the 15 cm contactor with a view to commercial 
application to even larger sizes.
(4) Apart from the application of the well established 
mass transfer equations, correlations were developed 
for (a) K ca (b) d ^  (c) E c and (d) power numbers N p 
^Pva anc  ^ ^ P v s ’ re^a’t^ve t0 operating conditions and 
the physicochemical properties of the liquids.
(5) The significance of interfacial tension relative to 
all the above studies was examined. With high inlet 
concentration of HAC in CCL^ the change in inter­
facial tension is small until a concentration of 
about 1 g/1 is reached after which further extraction 
is accompanied by a very rapid increase in inter­
facial tension. This leads to rapid increased in 
hold-up and ultimately to flooding. This lead to the 
conclusion that if the extraction reduces concentrat­
ion in the disperse phase too low, then the o p e r ­
ability of the extractor is affected.
Most previous workers studied flooding where no 
mass transfer was taking place. The value of such 
work is questionable as hold-up and flooding 
characteristics are a function of the transfer of 
solute occuring across the drop/continuous phase 
interface.
Extensive studies were made using a dye technique 
to establish experimental values for the variance 
and mean residence time under different conditions 
of operation. The theory was thoroughly explained 
and important questions were raised on the signifi­
cance the Dispersion No (= E c/ u L ) , and the inverse 
Peclet No (= uL/Ec) relative to the degree of m i x ­
ing occuring in the contactors for different flow- 
rates of phases.and oscillating rates.
This brings into question the validity of applicat­
ion of the Diffusion Model as a means of defining 
the degree of mixing occuring as distinct from a 
single case of flow liquid in a pipe. It was con­
cluded that with Peclet Numbers of 7-19, contrary 
to definition the apparatus was essentially in a 
condition of 'near to plug flow*. The difficulties
associated with the extreme conditions namely P ■>c,°J e
Plug Flow, P e+ 0 Perfect Mixing are not readily 
applicable but, this does not necessarily invali­
date the use of the diffusion model.
The one-dimensional diffusion equation as developed 
by Miyauchi and Vermulen (M8) , and used in a limited 
way by Smoot and Babb was investigated theoretically 
and practically. Some previous workers have attemp­
ted to apply this equation analytically, but with 
limited success only, inasmuch as in the case of
Smoot and Babb a constant value for N along the
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column was assumed.
The prediction of N q c  along column has still not been
solved as it is an exceedingly, complex problem which 
involves not only hydrodynamics but also physico­
chemical change for different systems. Different 
extractors present different hydrodynamic properties.
In the present studies the diffusion equation of
Miyauchi and Vermulen (M8 ) has been solved using a
Prime 7 50 Computer and the method of Runge-Kutta, but
unlike other workers, for the first time N has been
* oc
substituted in the main equation by a relationship 
of the form:
3 5 7
N = 0.064 e"oc
which was established from experimental results in 
Contactor I (Large). After overcoming problems 
associated with the inlet continuous phase boundary 
conditions (for the system CCL^ -HAC -i^O) t^at 
not been dealt with previously by other workers, a 
solution of the equation was found. A plot of the 
experimental continuous phase concentration profile 
against contactor length (Z) was made and on this 
graph was superimposed a theoretical curve (Y vs Z) 
derived by solving the differential diffusion 
equation. Agreement was extremely good.
The interfacial area and hold-up of dispersed phase 
are related as has been shown for the Spray Column 
by many workers.
The method of measuring interfacial area; by photography 
has been described and does not suffer the disadvant­
age of chemical methods which may affect the inter­
facial surface tension. Even so, it has limitations 
but in many respects is still perferable. The drop 
size distribution was estiblished for different 
operating conditions to obtain ^ 3 2 * con‘tactor
is highly efficient inasmuch as it readily produces 
drops of a small size approximately 1 mm. Little
or no coalescence occurs. The values of d and the 
hold-up -lead to the interfacial area (a = •
A knowledge of ’a' and Kca gives values of K c .
The hold-up measured manometrically and by displace­
ment compares in magnitude with spray column as has 
been shown.
The analysis shows a<>c<j) and this follows as there is 
little variation in d ^  f°r both systems used which 
can be attributed to the action of the oscillating 
b a f f l e s .
Flooding studies were also related to system p r o ­
perties and flooding values obtained by the techi- 
ques are necessarily imprecise due to the complex 
nature of the drop coalescences.
(9) Dimensional Analysis was used to correlate the mass 
transfer coefficient K^a, Sauter mean drop diameter 
d ^ 2 > The eddy diffusion coefficient E c and the power.
(10) An important feature of the efficiency of contactors 
is the backmixing they produce as a consequence of 
their mode of operation. This is because backmixing 
acts against the rate of mass transfer by virtue of
the reduction in driving force. This has been di s ­
cussed in detail. The results of the present studies 
show that for the O.B.C backmixing is comparitively 
small. Justification for this statement occur in 
the residence time study where the measured mean 
residence time is close in value to that for plug 
flow of the continuous phase in the appratus.
Mean resid- 2200 - 700 measured
ence time _ 2200 - 700 calculated for plug flow
2 2Further confirmation is in the value of E c d y/dh 
in the Miyauchi and Vermulen equation. Not only is
this function small in value compared with the Co n ­
nective and Mass transfer functions but it is also 
relatively constant throughout the contactor.
These studies involve very complex interactions between two 
immiscible phases, the hydrodynamic properties of which are also 
affected by the actual transfer of a third component across the 
drop interfaces. Necessarily, despite a considerable litera­
ture on liquid-liquid extraction as a phenomena, the perfor­
mance characteristics of contactors must inevitably remain 
partly empirical. Considerable advances have been made in 
theoretical analysis but as demonstrated here we have still not 
reached a confident enough state of expertise to predict how 
N q c (NTU) varies along a column even the simplest kind. The 
OBC is more complex but, nevertheless is quite different in- 
operation. from say the RDC.
Considerable furtherwork is necessary, but the main value of 
the present study is the promising demonstration of the use of 
multiple single oscillating baffles in large columns which 
overcome the mechanical problems of large torque in large v e s ­
sels. The fact that the contactor -is capable of high through­
put, small drop sizes and a minumum of backmixing has been d e ­
monstrated .
N o menclature.
2 3
Specific Interfacial Area; pulse amplitude: cm /cm ,
cm
2
Cross section area of vessel cm
Concentration g.mol/1
Fraction of tracer in exit stream at any 
instant 0 after injection
Orifice Coefficient
Particle or drop diameter cm
Sauter Mean drop diameter cm
Sauter Mean drop diameter at zero hold-up 
Agitator Diameter cm
Vessel Diameter cm
2
Diffusion Coefficient cm /sec
Axial Mixing Coefficient
Fraction of tracer in exit stream at any 
instant 0 after injection
Pulse Frequency cm
Cummulative fraction of tracer in the
exit stream at ant instant 0 after injection
Acceleration due to gravity cm/sec^
Distance between two locations along the cm 
column length
Manometer reading cm
Difference between levels connecting 
manometer levels cm
Total Active height or length of column; cm 
hold back
Height of transfer unit M, cm
Fraction of tracer in the vessel at any 
instant 0 after injection
HB
A
k 
K
K 
L 
m 
n 
N 
N
NB
NTU, N
PDry
PT
PM
PM1
PM2
P
va
P
vs
Q
r
R
s
t
t
u,U
°N
U
O
Film mass transfer coefficient 
Film mass transfer coefficient from 
Handlos and Baron Eqn.2.15 
Overall mass transfer coefficient 
Compartment height
Equilibruim distribution coefficient 
Mass flux across interface
Mass transfer rate dn/dh
\
Oscillation rate, rotor speed 
Number of agitators or Baffles 
Number of transfer units 
Dry Power
Total Power = Pn + P,.Dry M
Total Mixing Power = P ^  + P ^
Single continuous phase mixing power 
Additional Power of dispersing 
second phase
Power per unit active volume 
Power per unit swept volume 
Phase volumetric flowrate 
Radius of Particle 
Flowratio Qc/Qd> uc/ud 
Stator ring opening 
Mean residence time V/v 
T ime
Phase velocity (Superficial)
Mean velocity at substantially
zero hold-up, Eqn.2.29
Characteristic velocity of droplets 
in column
cm/sec
cm/sec
cm/sec
cm
gmol/cm^ sec 
gmol/cm^ sec 
ose/sec, rev/sec
Joules/sec 
Joules/sec 
Joules/sec 
Joules/sec
Joules/sec cm' 
Joules/sec cm' 
1/hr 
cm
cm
sec
sec
cm/sec
cm/sec 
cm/sec
Us Relative slip velocity cm/sec
U^ . Drop terminal velocity cm/sec
v Volumetric flowrate cm /sec
V Active volume of vessel or column cm
3
Active volume of O.B.C cm
3
Vg Swept volume of O.B.C cm
x " Solute concentration in dispersed
3
phase gmol/cm ,g/l
X Dimensionless concentration for
dispersed phase
y Solute concentration in continuous
3
phase gmol/cm , g/1
Y Dimensionless concentration for 
continuous phase
z Dimensionless height w.r.t to two
positions along column length h/H
Z Dimensionless height H/H = 1
Z Coalescence coefficient Eqn.2.26
Greek letters
e Fractional free space of packing or plate
rig Extraction efficiency
0 Dimensionless time, amplitude of
oscillation rad
p Dynamic vescosity, Mean Residence
Time g/cm sec, sec
Pm Mean viscosity Eqn.3.88a g/cm sec
2
v Kinematic viscosity p/p cm /sec
3
p Density g/cm
3
Pm Mean density Eqn.3.88b g/cm
a<f>
tP
Interfacial tension, variance 
Dispersed phase hold-up 
Power function Eqn.2.30b
g/sec2
3 , 3  cm /cm
Dimensionless Groups 
2
N p r = u /gl Froude Number for flow
2
N p r = (ON) D/g Froude Number for Oscillation
2
Npr = N D/g Froude Number for Rotation
Np = P/pN^D^ Power Number for Rotation
Np = P/p(0N)^D^ Power Number for Oscillation
3 5
^PVA = P y A ^ ^ ® ^  P Power Number for Oscillation based on
Active volume of O.B.C
3 5
Npvs = Pyg/ p (ON) D Power Number for Oscillation based on
swept volume of O.B.C
N p e = uL/E Peclet Number
N Qh = Pc/ Ohesorge dumber
N p e = uDp/p Reynolds Number for flow
2
N p e = (ON)D p/p Reynolds Number for Oscillation
2
Npe = ND p/p Reynolds Number for Rotation
Ngc = pp/^ Schmidt Number
Ngg = kd/$ Sherwood Number
2
N ^ e = u Lp/a Weber Number for flow
N^e = (ON)2D^p/a Weber Number for Oscillation
2 3
N ^ e = N D p/a Weber Number for Rotation
Subscripts
App.m Apparent measured
B Bottom
c Continuous phase
d Dispersed phase
i Interface
m Measured
p Piston
k Raffinate
S Solvent
t True
T Top
Superscripts.
* Equilibrium Conditions
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APPENDIX 1 
EXPERIMENTAL DATA
A.1.1 Physical Properties or the Chemicals Used.
Table A . 1.1.
Properties at 
20°C
Carbon
Tetra­
chloride
Methyl 
Isobutyl 
Ketone
Water Acetic
Acid
Density (Kg/m ) 
Viscosity
*
1594 801 997 .0 1052
(N.s/m2) x l O 3 1.030 : 0. 582 1.000 1.229
Surface Tension 30.0 23.9 72.58 27.5
(mN/m)
Interfacial Tension*
30.0 23.9 72.58 27.5
(mN/m)
Diffusivity**
40.4 10.9 - -
(m2/s) , x 109 1.460 1.440 1.040 -
R. I 1.460 1.396 1.333 1.371
% Purity 99.0 99.0 - 99.5
M o l .w t .(Kg) 0.154 0.100 0.018 0.060
* Denotes Interfacial Tension with water
** Denotes Diffusivity of Acetic Acid in Solvent 
1 Kg/m3 = 1000 g/cm3
1 N .s/m3 = 1 x 10~3 cP
1 mN/m = 1 dyne/cm
A. 1.2 Equilibrium Data.
Equilibrium data for the two three component systems used (i.e 
CCL^ - HAC - and MIBK - HAC - t^O) was obtained experimen­
tally. Varying amounts of acetic acid were added to mixtures 
consisting of equal known volumes of pure organic and water 
for the system under investigation. The three component 
mixtures were then brought to a state of equilibrium by agitat­
ing the mixtures in a constant temperature bath over a period 
of time. The two phase were then separated and samples were 
analysed for solute content by the methods decribed in Chapter 
5.4.2.
The results for both systems are given and compared with 
equilibrium data published by previous workers in Tables A . 1.2 
and A .1.3.
Table A . 1.2 Equilibrium Distribution of Acetic Acit between 
Water and Carbon Tetrachloride.
Present
Experimental
Results
Data from 
J.B.Lewis*
X y X y
0.18 21.4 0.18 19.5
0.44 40.7 0.42 30.0
0.93 58.0 0.65 38. 5
1.45 77.5 0.88 48. 5
2.23 98.0 1.92 86.5
2.89 111.0 2.35 96. 5
3.55 127.4 7.00 197.0
4.54 144.2 8.60 223 .0
5.43 158.8 15.50 331.5
6.65 179.2 27.00 409.5
11.20 237.5 29.00 419.0
15.91 309.0 32.5 445.0
20.71 3 59.0
*Lewis, J.B, Chem. E n g .S c i , 3,248 (1954)
Table
* *
A . 1.3 Equilibrium Distribution of Acetic Acid between 
Water and Methyl Isobutyl Ketone.
Present
Experimental
Results
Data
Efce
from . 
Publn.**
X y X y
1.50 2.75 4.59 9.77
3.72 7.50 10.95 22.87
6.70 12.50 18.08 36.70
10.08 20.82 26.96 53.14
12. 50 23.50 38.94 73.43
22.56 42.96
35.64 64.08
’Recommended Systems for Liquid Extraction S t u d i e s ’
Ed. T. Misek.
Published on behalf of European Federation of Chemical 
Engineers by the Institution of Chemical Engineers, 
England.
Treatment of Experimental Data.
CCL^ -• HAC H^O System.
An empirical relationships between x and y was developed by 
regression analysis. (See Chapter 3.1.1). The relationship 
between x and y was given by:
0 . 5 7 9
y* = 60.92 x ...A . 1.1
Results calculated by this equation are compared with the 
experimental results and the results of J.B.Lewis in Fig.A.l 
The mean deviation of y* about the regression line was 3.33
MIBK - HAC - H z0 System.
As for the CCL^ - HAC - H 20 system an empirical relationship 
was developed by regression analysis. In this case the 
relationship was linear and was given by:
y* = 1.859 x ...A.1.2
Results calculated by this equation are compared with the 
experimental result and the results of the EFCE Publication 
in Fig.A.l.2. The mean deviation of y* about the regression 
line was 4.3V.
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FIG. A . 1.2 Equilibrium distribution of
acetic acid between water and 
methyl isobutyl ketone
Table A . 1.4 Relationship between Solute Concentration and 
Interfacial Tension at 20°C.
(a) Carbon Tetrachloride - Water - Acetic Acid
y*
g/i
X*
g/1
a
mN/m
0 0 40.4
10 0.050 29.1
20 0.168 26.4
40 0.567 24.2
59 1.154 22.5
78 1.829 21.2
97 2.681 20.7
Data From. Ismail (12)
(b) Methyl Isobutyl Ketone - Water - Acetic Acid
y*
g/1
X*
g/1
a
mN/m
0 0 10.7
5.52 2.81 9.9
27.69 14.27 8.7
40.50 20.54 8.3
53.41 28.28 7.5
81.50 44.29 6.5
103.54 57.52 5.8
Data From: Recommended Systems for Liquid Extraction Studies 
E.F.C.E Inst.of Chem.Engs.
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FIG. A1.3 Refractive index/solute concentration 
calibration charts
A.I.5 Determination of the Mean Position Along Column
Length for Carrying out Drop Size Studies by 
Photography
The method used to determine the mean position along the 
column length for carrying out drop size studies by photography 
is discussed in Chapter 5.3.1.
To establish this mean position, photographs of drops were 
taken at four position along the column length for a selected 
number of operating conditions. The photographs for each 
position were analysed by counting and sizing the droplets by 
the method given in 5.3.2 and the d ^ 2 (for each position) was 
calculated from the relationship:
3
= EN.d. A - -
sect — A-! * A -3 -3
EN.d.l l
where d ^ 2 is the Sauter mean drop diameter at each
sect
section.
The overall d ^ 2 a given set of operating conditions was
then determined from the relationship:
32overall — — ^I jLection ...A.3.4
EN
By plotting graphs of d ^  VS column length, the positions 
corresponding to the overall d ^ 2 wore obtained. A mean p o s i t ­
ion for carrying out the photographic studies was then d e t e r ­
mined as shown below for Contactor I (Large). The same p r o ­
cedure was used for each system and contactor
Table A . I . 5 Variation of along Column Length
Contactor I, CCL^ - HAC - H^O 
Q c = Q d = 400 1/hr
N
(opm)
Posi­
tion
Distance
from
Bot
(cm)
d 32
(cm)
60 l(Bot) 30.0 0.110
.2 50.4 0.123
3 76.0 0.148
4 (Top) 101.4 0.159
80 l(Bot) 30.0 0.125
2 44.3 0.141
3 72.7 0.149
4 (Top) 102.2 0.150
120 l(Bot) 30.0 0.117
2 44.3 0.134
3 72.7 0.144
4 (Top) 102.2 0.143
Table A . 1.5 show the experimental data for different oscillat­
ion rates which are plotted in Fig.A.1.4.
From the data it was found that for:
60 opm d^2 ‘overall = 0.124 cm
80 opm d ^2 overall = 0.137 cm
120 opm d32 overall = 0.134 cm
and from Fig.A.1.4 the position along the column corresponding 
to these d ^  values for 60 and 80 and 120 opm are 43, 48 and 
49 cm. The mean position used for taking the photographs was 
the arithmetic mean of these values which 47 cm from the
bottom of the contactor. Similarly the mean position for the 
MIBK - HAC - H^O system (Contactor I) and Contactor II 
(CCL^ - HAC - H 2O) was found to 72 and 45 cm respectively from 
the bottom of the contactor.
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FIG. A . 1.4 Variation of along column length
Contactor I CCL^-HAC-I^O system
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APPENDIX 2
METHODS USED FOR DETERMINING DISPERSED 
PHASE HOLD-UP
A.2.1 ' Mariometric Method.
The volume fraction of dispersed phase held up in the contactor 
was determined from manometric measurements by equations 3.82 
and 3.83. The theory behind the derivation of this equation - 
is based on the Bernoulli equation as shown below.
From Fig.A.2.1, for the continuous phase, the total energy at 
h^ is less than that at section h ^ , by the friction loss fc 
i . e :
Assuming equal velocity heads in the same column, and n e g ­
ligible friction loss due to wall effects, equation A . 2.1 
reduces to:
- Multiplying equations A 2 .2 and A2.3 by (1-4-0 and <J> res­
pectively where 4) is the fractional hold-up of the dispersed
A . 2.1
P i " P 2 = h^ 2 _ h d Pc9= Ahpc9 ••• A. 2 .'2
Similarly for the dispersed phase:
V  P 2 = (h 2- V Pctf = AhPd9 ••• A-2 -3
p h a s e .
p^- p 24>- p 2+ p (> = Ahpcg - Ahpc4g A . 2.4
and p <j) - p <j) = Ahp^49 A . 2.5
Adding equations A2.4 and A2.5:
p - P 2 = Ah Pc (li- 4 ) $ + Pd 4g A . 2.6
Rearanging A 2 .6
4 = (Pj- P 2) " Ahpc g 
Ah(pd - pc)3
A.2. 7
h
1
Ah
h 2
Fig.A.2.1 Diagram showing Manometer connections 
to Contactor
If the pressure difference between and h ^ is to be measured 
with a manometer, then
P x P 2 = Ahpcg+ hm (p^ - pc)g ... A. 2.8
where pm is the density of the liquid used in the manometer 
and pc is the density of the continuous phase.
Substituting Equation A 2 .8 into A 2 .7 then
■f, = Ahpc. .+. hm (pm - pc) - Ahpc ... A. 2.9
(pd ‘ pc }Ah
which on simplifying gives
* = hm (pm ~ Pc3 ••• A-2 -10
Ah (pd - pc)
If the dispersed phase is used as the manometer liquid, then 
Pm = Pj and equation A2.10 reduces to: *
$ = hm/Ah A. 2.11
where h^ is the manometer reading and Ah is the difference of 
levels connecting with both arms of the manometer.
Throughout the present studies carbon tetrachloride (CCL^) 
was used as the heavy manometer liquid and water as the light 
liquid. Thus, for the CCL^ - HAC - ^ 0  system equation A2.ll 
was applicable and for the MIBK - HAC - H 2O system equation 
A2.10 was applicable.
A . 2.2 Displacement M e t h o d .
This method was used purely as a means of checking the authen­
ticity of the values obtained by the manometric method. In­
let and outlet flow lines close to the contactor were shut 
off almost instantaneously (within 3 s ecs). The dispersed 
phase in the contactor was allowed to settle and the height
of continuous phase displaced by the settled liquid h , was 
measured.
This height h g was made up of:
(a) the equivalent height h ^ , of the volume fraction of 
the heavy phase hold-up in the active contactor.
(b) the equivalent height , of the heavy phase that
flowed in after the inlet valve was shut off.
(c) the equivalent height h ^ , of heavy phase that were
present in top and bottom headers of the contactor
at the instant when the valves were closed.
therefore:
By making the following assumptions, the value of h^ was cal­
culated
(1) The volume of liquid V ^ that entered the contactor 
after the valves were switched off is the volume of 
liquid present in the flow line between the shut off 
valve and the point of entry in the top header.
This was calculated from the dimensions of this sec­
tion of the flow lines and the valve,hp was d e ter­
mined by dividing this volume by the cross-sect­
ional area of the bottom header (which is the same 
as for the active contactor).
(2) The volume of liquid in the bottom header V^, is the 
volume fraction <j)p(i.e the manometric value) in the 
active contactor multiplied by the total free volume 
in the bottom header (i.e excluding the volume
h s h l + h 2 + h 3 A. 2.12
where
occupied by the coalescing liquid p o o l ) . The volume 
of liquid in the top header was negligible. h^ was 
obtained by dividing by the cross-sectional area 
of the bottom header.
thus,
h l = h s " (h 2 + h 3^ * * * A.2.13
In all case studied the values of h, was + 10% that of h for
1 —  m
the same experimental conditions.
APPENDIX 3 
THEORETICAL ANALYSIS
A.3.1 Solutions to the One Dimensional Diffusion Equation
A. 3.1.1 Analytical Solution
The one-dimensional diffusion equation derived in Chapter 3.3.2 
based on the work of Miayauchi and Vermulen (M8) is given in 
dimensional form for continuous phase mass transfer as follows
E — £ + ur ^  - K a (y* - y) = 0   (3.67)
c d h 2 C dh c
Defining the following dimensionless parameter (see Fig. 3.7b)
Y = y/ x F
X R = x r /x F
Z = h/H
N = Koc a H
oc u c
U C H
Pe
c "E c
Putting equation (3.67) in dimensionless form
—  + Pe„ —  - N Pe_ (Y* - Y) = 0 .....  (A.3.1)
d Z 2 c dZ oc c
For the CCL^-HAC-I^O system, the equilibrium relationship is 
not linear and takes the form y* = ax^. It is exceedingly 
difficult to carry out an analytical solution with this type 
of relationship. To overcome this difficulty, the equilibrium 
curve was divided into sections over the range of concentration 
used. The sections were chosen so that they can be represented 
by an equation of the form y* = m x  + c. Assuming that the 
concentration profile resulting from the solution of A . 3.1 is 
not far removed from the experimental profile, then, equation 
A . 3.1 can be solved by using a linear equilibrium relationship 
as above with the experimental profile serving as a guide for 
selecting the linear equilibrium relationship that was appli­
cable over the section, when calculating the theoretical 
profiles. Although it is expected that this type of solution 
may result in profiles that are far removed from the experimental 
ones, it is useful in that it ma y  give an idea of the limitations 
when solving the differential equation analytically for non
linear equilibrium relationships.
The equations of the form y* = m x + c over the concentration
range studied are:
0 < x < 5 g/1 y* = 27. 67 x   (A.<3.2a)
5 < x < 10 g/1 y* = 13.41 x +  71.38........ ..... . (A.3.2b)
10 < x < 15 g/1 y* = 10.68 x +  98. 6 ......  (A.3.2c)
15 < x < 20 g/1 y* = 9. 22 x + 120.45 ......  (A.3.2d)
20 < x < 25 g/1 y* = 8. 27 x + 137. 57   (A.3.2e)
25 ^ x < 30 g/1 y* = 7. 58 x + 156. 72   (A.3.2f)
Values obtained from the equations above are compared with 
the values from the non-linear equilibrium relationship given 
in Appendix A.I.
X
y-
Eqn.A.3.2a 
Eqn.A.3.2f
y
Eqn.A.1
0 0 0
5 138.43 138.37
10 205.40 205.42
15 258.75 258.83
20 302.97 304.95
25 346.22 346.31
30 384.12 384.24
Using y* = m x : + c
From equation (3.10) (Chapter 10)
X = y + x R
y* = m (y + x^) + c   (A. 3. 2d)
In dimensionless form
Y* = m(Y + XR ) + C.................................. ......  (A. 3 . 3 e )
where
Y* = y*/xF C = c/xF
Y - y/Xp
Substituting for Y* in equation (A.3.1);
m (Y + XR ) + c -Y—  + Pe —  - N Pe. 
dZ dZ oc
Simplifying and rearranging;
d 2Y dY
+ Pe Pe Y (m- 1) = Pe (m X R + C)
dZ dZ oc oc
The complete solution of equation (A.3.5) is
Y = Y + Y c p
where
Yc = complimentary function, C.F 
Yp = particular integral, P.I.
(a) Complimentary Function
d 2Y A D dY 
—  - + Pe —
d Z 2 dZ
The auxiliary quadratic equation is; 
q 2 + Pe q - N q c  Pe Y(m - 1) = 0
and the roots are;
-Pe + r
qi =
-Pe - r
where r = /Pe2 + 4 N QCPe (m - 1) .....
Thus the complimentary function is
Y = A e qiZ + Beq2Z c
where A and B are constants and m and m are £iven in 
equations (A.3.8, 3.9 and 3.10).
a
a
  c/
  v
  v
....... (7
  V
.3.4)
.3.5)
.3.6)
.3.7)
.3.8)
.3.9) 
.3.10)
(b) Particular Integral
A the right hand side of equation (A.3.5) is a constant, then 
let the particular integral be
Y = K 
P
and
dY
dZ
d 2 Y 
d Z 2
= 0
= 0
Substituting these into equation (A.3.5)
(A.3.11)
0 + 0 - KN Pe (m - 1) = N Pe (m XD + C)O C O C K.
giving;
k =
-(m X R +. C) 
(m - 1)
(A.3.12)
The complete solution to equation (5) is
r (m X R + C)
Y = Y + Y = A e q 1Z + Beq2Z - c p
m - 1
(A.3.13)
where A and B are constant and qi and q 2 are given in 
equations (A.3.8, A . 3.9 and A . 3.10).
Boundary Conditions
Apply Miyauchi's (M8) boundary conditions for solute extraction 
(Fig. A . 3.1).
(i) At Z = 0
1 f dY 1Y° = Yo Pe
-i_ IX = Y - Y 
Pe dZ 0
dZ
o
(A.3.14)
dY
dZ
= Pe Y0 -Y° (A. 3.15)
1 (Top)— Z
TopTop
0 (Bottom)—  Z
Bot Bot
X Y
Fig.A.3.1 Boundary Condition Diagram 
For CCL^ - HAC - ^ 0  System
(ii) At Z = 0
Y = Y (A.3.16)
The general solution of the one dimensional diffusion 
equation is;
. m X t, .+. C
Y = A e qiZ + Beq2Z LR
m - 1
and
dY
dZ
= qi A e qiZ + q 2 Beq2Z
(A.3.13)
(A.3.17)
Applying the boundary conditions given by equations (A.3.15 
and A . 3.16) at Z = 0;
m X R .+. C
A + B   -----  = Y
-i om - 1
and q 2A + q 2B = Pe(Y - Y°)
Putting Ym = (YQ - Y ° )
Then qiA + q 2B = Pe Ym
Solving (A.3.18 and A . 3.19) for A and B gives
(A. 3.18)
A =
and
B =
Pe Y q
 m _ 2_2
qi q i
q Y - Pe Y 
i o m
qi - q2
q ! Y0 - g e Y W j q X R + C )
Cqi - qa) Cqi - qa) (m - D)
■Ij X R + c )
Cq 1 - qa) (m - 1)
(A.3.19)
(A.3.20)
(A.3.21)
Substituting for A and B in (A.3.13), and simplifying the 
general solution to one dimensional diffusion equation is;
Y =
r p e  Y eqiZ 1 m + QqaZ
q 2eqiZ -
4-
q i
qi (m 'XR + C)
qi
“m XR + C -
Cq 1 - q 2)(m - 1) J m - 1 .
q i - q 2 
......  (A.3.22)
and
dY
dZ
Pe Y e m
q i z q 9 z q i zq 2 e 2 - q 2 e 1 .
r  f - Pe Ym
q i ~ q2
q i Cm XR + C) 
(qi-q2) (m-i)
(A.3.23)
where
q i = ~ 
q2 = -
Pe + r 
2
Pe - r
r = /Pe2 + 4 N Pe (m - 1)oc  ^ ;
Ym = [Yo - Y°) as defined in Fig. A . 3.1
A . 3.1.2 Numerical Solution - The Runge-Kutta Methods
The one dimensional diffusion equation as given in dimension- 
less form by equation (A.3.1) is;
—  + Pe - N„_ Pe_ (Y* - Y) = 0 ......  (A. 3.1)
dZ dZ oc c J
From equation (A.1.1);
y* = 60.92 x 0 -579................................... ....... (A.1.1)
and from equation (3.10) (Chapter 3).................. ......  (A.3.23)
x = y + x D............................................ ...... (A.3.23)
where x R is the outlet dispersed phase concentration as 
shown in Fig. A . 3.1 and is constant at steady state for a 
given operating condition.
Substituting for (A.3.23) in (A.1.1)
y* = 60.92 (y + x R )0 ’ 579 ......  (A.3.24)
In dimensionless form
Y* = 60. 92 (Y + XR ) ’ y
where
Y* = y*/Xp 
Y - y/ x F
X R “ • X R /XF
Substituting for Y* in equation (A.3.1)
d 2 Y d Y r  f O  ^7 Q ")
+ Pe - N oc Pec . 60.92 (Y + XR )U 'b/y -Y = 0  (A.3.25
Several methods can be used to solve this equation numerically 
CJ3 3- For the present studies the method of Runge-Kutta-Which 
is well described in Jenson and Jeffreys (J3) - for solving 
first order ordinary differential equation was used by reducing 
the above equation (A.3.2 5) to two simultaneous first order 
equations. The solution of these two first order equations 
with the original equation now becomes very similar to the 
solution of a single first order equation provided that the 
boundary conditions are of initial type value (J3, p. 261).
T h u s ,
Putting —  = W ......  (A. 3.26a)
dZ
Thus = —  _____ (A.3 . 26b)
■ d Z 2 dZ
Substituting for dY/dZ and d 2Y / d Z 2 and rearranging, equation 
(A.3.25) becomes
dZ
and
—  = Pe N (Y* - Y) -WA? O C v J
(A.3.27)
dZ
where
Y* = 60.92 (Y + XR )0 -579
with initial boundary conditions
(A.3.28a)
The solution (J3, p p . 378-386) was carried out by a Prime 750 
computer using the Fortran programme given in Appendix A . 4.3.
A.3.2 Calculation of Axial Mixing Coefficient from the One-
Dimensional Diffusion E q u a t i o n .
Axial mixing coefficients E c , for the continuous phase 
(CCL^ - HAC - H^O system) was calculated from the one - dimen­
sional diffusion equation by the method given below. The 
diffusion equation developed in Chapter 3.3.2 is:
E c'd2y + u c'dy “ K ca(y* - y) = 0 ...3.67
dh^ dh
From the concentration profile of y against h, the operating 
equation 3.7 and the equilibrium equation A . 1.1, values for 
(y* ~ y) were calculated.
Values of dy/dh was established from y against h graphs using 
finite difference methods (J3 Pg.389) equation
S  " i (y"«  '  y» - i)
where n refers to the level and s an equal interval of h.
? 2
Using the same data, the second differential d y/dh was 
computed from the equation:
d^y = 1 (y J_1 - 2y + y . ■,)— j- — —  w n+l J n 7n+l^
dh^ s^
By this method a high degree of accuracy could only be achieved 
if values of s are very small (i.e a very large number of 
intervals,n). Such calculations would be rather tedious to 
carry out manually and therefore required the use of a computer. 
This would have meant the fitting of equations to the experi­
mental data of y against h and K ca against h which was 
attempted with very little success. In the end it was decided 
to divide the contactors length H, into 5 cm intervals 
(i.e s = 5 cm) and calculations were done manually from
enlarged graphs.
The calculations were made for two oscillation rates and the 
results are given in Table 7.2
A . 3.3 List of Correlations for Mass Transfer C o efficients.
The list given below is taken from Laddha and Degaleesan 
(L2 Pg . 199-200)
Continuous Phase Coefficients.
(Ng^) = 2 + 0.95(NR c ) 5 Rigid Liquid Garner and
C c c p r0ps Suckling(G5)
(Ngh) = 0.98(Npe) Non-circulating Ward et al
c
NDq > 1000 
Pe
Drops (Wl)
i
(Ngh) = 0.61 1 y^ V^Pe-^2 Circulating Ward et al
c
yc+yrV/ Liquid Drops (Wl)
N Pe > 2 '8 fvd + pc Y 12vc + 9v d \ 2
y
(Nsh) = 2+0.084 
c
d
0.1*84 0 . 3 3 9
^ R e ^  ^ s c ^  Oscillating Hughmark
c
Drops (H17)
i. 50 . 0 7 2
( ? )
k = 2 / r ‘f t U ' \ 5 
c I c t ) Penetration theory circula-
V n ^p ) ting and Oscillation drops
0 .58
' ^ c f yc ] = 0.7 2 5/d U.d \ * Swarm of Rubv and
U C l - « V P 7 f i r J  ( ns \ c c / V yc / Drops Elgin
from
Treybal(T14)
Rigid Spheres Treybal(T14)
Penetration Theory
Laminar Circulation Kroing and
Brink(K8)
Fully Developed Handlos and
Internal Circulat- Baron (H3) 
ion
APPENDIX 4
COMPUTATION OF RESULTS - COMPUTER PROGRAMS
A . 4.1 Mass Transfer - Sectional and Overall Values of 
' NTU, HTU, and K a .
The overall values of NTU were calculated by adding NTU values 
calculated for each of the four 30 cm sections of extractor 
length (each section being bounded by sampling points as shown 
in F i g .4.3 a ) .
For the computation of the overall value for NTU, the equation
NTU.cm I
y.
dy 3.29
y*-y
became
NTU
cm(overall) NT U ™ i  + NTU ~ + NTU rj + NTU ,cml cm2 cm3 cm4
y0 yo y y
2 3 h  5
f dy + [ dy + f dy + f dy A 4 .1
J y*-y y 2y*-y j  y*-y J y*-y
“ l 3
Each sectional NT U cm was calculated individually using a 
S i m p s o n ’s rule integration. This integration was the ca l ­
culation of the areas LMNP shown below in Fig.A4.1.
I
rH
Fig.A4.1 Sectional Values of Transfer Units
For each calculation it was assumed that the concentration 
profile across each section was approximately linear (this 
assumption is justified from the profiles shown in F i gs.7.1.1 
to 7.1.8).
The interval yn - yn + ^ was devided into 201 equal strips and 
letting 1 /(y*-y) - Y, the calculation was carried out as 
f ol l o w s :
Sectional values for HTU and Ka were calculated from NTUcm cm cm
by equation 3.31.
A similar method was used to calculate NTU, , HTU, and Ka, ,
d m ’ dm dm ’
and the computer program used to calculate these values is 
given below
Area LMNP =
■V*ri+1 A4.23
A4.3
APPENDIX A.4.1
COMPUTER PROGRAM FOR CALCULATING MASS 
TRANSFER EFFICIENCY OF O.B.C
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COMPUTER PROGRAM FOR CALCULATING RESIDENCE 
TIME AND AXIAL MIXING PARAMETERS
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APPENDIX
TABLES
BLOCK A TABLES 
CCL^ - HAC - H^O System 
CONTACTOR I (LARGE)
Table 1A Concentration Prof ile For CCL^ - HAC - H^O System 
R = Q / Q, = 1, Constant x. Contactor I (Large).
0 Cl H.
N Qc
Sampling Positions 
Concentration (g/l)
(opm) (1/hr) Bot 1 2 3 4 5 Top
y 0 . 0 15-5 2 2 . 0 2 5 . 0 2 6 . 3 2 7 . 0 25.5
60 200 X 4.5 2 0 . 0 24.5 2 9 . 5 30.3 31.5 30.5
y 0.0 12.5 20.0 2 3 . 8 2 5 .O 25.3 24.0
300 X 3-5 16.0 24.0 2 7 . 3 2 8 . 5 28.8 28.0
y 0.0 11. 0 2 3 . 0 2 6 . 5 2 7 . 0 27.5 27.0
400 X 2.0 1 3 . 0 25.5 2 8 . 5 2 9 .O 30.5 2 9 . 0
y 0.0 10. 0 19.5 24.5 2 7 . 0 28.0 2 7 . 0
500 X 2.0 12.0 21.5 2 6 . 5 2 9 .O 3 0 . 0 30.5
y 0.0 12.0 18.0 22.0 2 5 .O 26.5 2 6 . 5
80 200 X 3-5 15.5 21.5 25.5 28.5 29.5 30.5
y 0.0 11.0 23.5 27.5 2 9 . 8 30.5 30.5
300 X 2.0 13.0 25.5 2 9 . 8 31.8 32.5 32.5
y 0.0 10.0 20.0 2 5 . 0 2 7 . 8
V
29.8 3 0 . 0
400 X 2.0 12.0 22.0 2 7 . 0 2 9 . 8 31.8 32.5
y 0.0 6.5 20.0 24.5 2 7 . 5 2.9-5 3 0 . 0
500 X 2.0 8.5 22.0 26.5 2 9 . 5 31.5 32.5
Table 1A Continued.
N
(opm)
Qc 
(1/hr
Sampling Positions 
Concentration (g/l)
Bot 1 2 3 4 .5. Top
y 0 . 0 13-5 24.5 27.5 2 9 .O 3 0 . 0 30.5
100 200 X 1 . 0 14.5 25.5 2 8 . 5 3 0 . 0 3 1 . 0 3 1 . 0
y 0 . 0 1 0 . 3 19.5 24. 3 27.5 2 9 . 8 3 0 . 0
300 X 2 . 0 1 2 . 3 2 1 . 5 2 6 . 3 29.5 3 1 . 8 32.5
y 0 . 0 1 0 . 0 19.5 2 5 . 0 2 8 . 0 2 9 . 8 3 0 . 0
400 X 1.5 1 2 . 0 ■ 2 1 . 5 2 7 . 0 3 0 . 0 3 1 . 8 32.5
y 0 . 0 9.0 15.5 2 1 . 5 27.5 3 0 . 0 31.5
500 X 2 . 0 1 1 . 0 17.5 23-5' 29.5 3 2 . 0 32.5
y 0 . 0 1 0 . 3 1 7 . 0 2 1 . 0 24.5 2 7 . 3 2 7 . 8
120 200 X 3.0 13.3 2 0 . 0 24.0 27.5 3 0 . 3 30.5
y 0.0 9.5 19.0 27.3 34.0 40.0 41.0
300 X 2.0 11.5 21.0 29.3 3 6 . 0 42.0 42.5
y 0.0 9.0 18.8 2 5 . 0 29.5 3 3 . 0 34.5
400 X 1.0 10.0 19.8 26.0 30.5 3 4 . 0 35.0
y 0.0 8 . 3 15.5 21.5 26.5 3 0 . 0 31.5
500 X 1.0 9 . 3 16.5 22.5 27.5 3 1 . 0 31.5
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Table 3A Concentration Profile For CCL^ - HAC - H^O System 
R = Qq / = 1, Varying x^, Contactor I (Large)
N
( opm)
Qo 
(l/hr
Sampling Positions 
Concentration (g/l)
Bot i 2 3 4 5 Top
y 0.0 ia.0 27 .0 42.0 46.5 49 .0 53.5
100 A00 X 1.0 19.0 28.0 43 .0 47.5 5 0 .0 54.6
y 0.0 10.0 19.5 25 .0 28.0 29 .8 30 .0
100 A00 X 1.5 12.0 21.5 27 .0 30 .0 31.8 32.5
y 0.0 2.8 4.5 6.4 7-6 8.2 8.79
100 4oo X 0.5 3.4 5-1 7-0 8.1 8.7 9.4
y 0.0 2.0 3.3 4.7 5.5 5.9 6.3
100 A00 X 0 . 5 2. A 3.7 5 .2 6.0 6 . 3 6.8
Table A A Frequency of Droplet Sizes from Photographic
Studies for CCL^ - HAC - H^O System, at
Constant F l o w r a t e , Varying Oscillation Speed.
Contactor I Q = Q, = 200 l/hr.
c a '
N (opm) 60 80 100 120
Droplet
Size
(mm)
Frequency Of Droplet
0.216 35 52 Al 93
o. 329 11 18 29 38
0 . AA3 10 2A 11 13
0.557 6 8 12 6
0 .670 11 18 18 15
0 .78A 5 18 10 6
0.897 11 7 8 11
1.011 8 1 12 11
1. 125 5 3 A •A
1.238 2 3 1 5
1.352 8 8 2 5
1. A65 1 3 3 A
1.529 1 1 2 A
1.693 - 1 3 A
1.806 31 1 1 1
1.920 - - 2 1
2.033 - - 1 1
2. 1A7 1 - 2 -
Table 5A Sauter Mean Drop Diameter, Interfacial Area and 
Mass Transfer Coefficient for Continuous Phase, 
Determined Experimentally from Photographic 
Studies for CCL^ - HAC - H^O System. Contactor I
N
(opm)
Qc 
(1/hr
d32
(cm)
a
(cm^/cm^)
K a x 106 c
(sec-^)
Ko x 106
(cm/sec)
60 200 0.153 0.224 1 7 . 8 79-46
60 300 0.104 0.635 31.9 50.24
60 400 0 . 1 2 7 0 . 5 8 1 5 8 . 2 100.17
60 500 0 . 1 1 9 0.731 81.2 1 1 1 . 0 8
80 200 0 . 110 0.436 24.2 55.96
80 300 0.135 0.524 5 0 . 0 95.42
80 4oo 0 . 1 3 1 0 . 6 5 0 6 9 . 6 1 0 7 . 0 8
80 500 0 . 1 2 5 0 . 7 8 2 1 1 0 . 8 141.69
100 200 0 . 1 1 7 0.554 2 8 . 0 6 0 . 1 1
100 300 0 . 1 2 3 0.829 5 1 . 2 6 1 . 7 6
100 400 0 . 141 0 . 8 8 5 6 9 . 6 78.64
100 500 0 . 138 1 . 0 1 3 94.3 93.09
120 200 0 . 116 0.724 3 0 . 8 42.54
120 300 0 . 1 2 3 0 . 9 1 2 7 2 . 0 78.95
120 400 0 . 1 3 1 1.067 8 6 . 3 8 0 . 8 8
120 500 0 . 1 3 4 1 . 2 2 2 1 0 3 . 8 84.94
Table 6A Experimentally Determined Overall NTU, HTU, Ka Values 
for CCL^ - HAC - 1^0 System, Contactor I (Large) 
Constant Flow Ratio, R = Qc / = 1, Constant x^
N
(opm)
Qc
(1/hr)
NTUcm HTUcm
(M)
Ka • cm
xlO6
(sec-*)
NTUdm HTUdm 
. (M)
Kadm 
xlO6 
(sec""*)
60 200 0.0273 44. 02 17.8 0.4467 2 .6 8 292 .6 0.0057
300 O .0329 36.93 31-9 0.5777 2.07 567.2 0 .0110
4oo 0.0444 2 7 .0 1 5 8 .2 0.8411 1.42 1101.7 0 . 0 1 2 3
500 0.0496 24.20 81.2 0.9048 1 .32 1481.3 0.0145
80 200 0.0370 32.45 24.2 0 .6 3 4 3 1.89 415.4 0.008
300 0.0509 23.59 5 0 .0 0.9036 1.33 887.6 0.0118
400 0.0531 22.59 6 9 .6 0.9604 1.25 1257.5 O.OI63
500 0.0677 17.74 110.8 1.2940 0.93 211 8.5 O.OI63
100 200 0.0427 28 .0 7 28.0 0.7498 1.60 491.0 0 .0116
300 0 .0522 2 3 .0 0 51.2 0.9400 1.28 923.4 0 .0 1 70
400 0.0531 22.59 69 .6 0.9604 1.25 1257.9 0 .0 2 08
500 0.0576 20.84 9^.3 1.0547 1.14 1726.8 0.0233
120 200 0.0470 25.51 3 0 .8 0 .8598 1.40 563.0 0.014
300 0.0733 16.36 7 2 .0 1.2760 0.9^ 1253.4 0.0187
400 0.0659 18.2 8 6 .3 1.2092 0.99 1583.8 0.0233
500 0.0634 18.93 IO3 . 8 1.200 1 .00 1958.8 0 .0272
Table 7 A Experimentally Determined Overall NTU, HTU, Ka Values 
For CCL^ - HAC - H20 system, Contactor I (Large)
(a) Varying Flowratio R, Constant Inlet Solute Concentration
N
(opm)
Qc
(1/hr)
R=Qc
W o
NTU cm HTUcm
(M)
^acm 
x 106 
(sec’ )^
NTU­dm HTU , dm
(M)
am 
x IQ6 
(sec-')
9f
100 200 0.5 0.0693 17-31 45.4 0.5353 2.05 7 6 6 . 0 0 . 0 2 5 0
300 0.75 0.0544 22.07 53.^ 0.?49 1 .6 0 931.0 0 . 0 2 3 3
400 1 . 0 0.0531 22.59 6 9 . 6 0.9604 1.25 1257.9 0.0208
600 1.5 0,0392 3 0 . 6 1 77.0 1.3875 0 .8 6 1 8 1 7 . 3 0.01917
(b) Constant Flowratio R = 1 Varying Inlet Solute 
Concentration.
N
(opm)
Qc=Qd
(1/hr)
xi
(g/l)
NTUcm HTU cm
( M )
cm 
x 106 
(sec-"*-)
NTU . dm HTU , dm
CM)
Kadm 
x 106 
(sec-'*')
9F
100 400 5^.75 O.O606 1 9 . 8 2 79.3 0.9486 1 .2 6 1242.5 0.02037
W O 32.50 0 . 0 5 3 1 22.59 69 • 6 0.9604 1 .2 5 1257.9 0 .0 2 0 8 0
W O 9.388 0.0327 3 6 . 6 8 W.9 0.9315 1.28 1 2 2 0 .0 0 . 0 2 0 8 3
W O 6.80 0.0295- W . 66 38.7 0.9387 1.27 1229.5 0 . 0 2 1 3 3
Table 8A Extraction Efficiency. Contactor I (Large)
CCL^ - HAC - H^O System, Constant x^.
N
(opm)
Q ' 
(1/hr
R ' y i
(g/1)
y 5
(g/1) (g/1)
y5" yl
(g/1)
n
e
(*)..
60 200 1 15-5 27.0 31.5 11.5 36.5
300 1 12.5 25.25 28.75 12.75 4 4. 34
400 1 11.0 27.5 30.50 16.5 54.10
500 1 10.0 28.0 30.0 18.0 60.0
80 200 1 12.0 26.5 29.5 14.5 49.2
300 1 11.0 30.5 32.5 19.5 60.0
400 1 10.0 29.75 31.75 19.75 62.2
500 1 6 .5 29.50 31.5 23.0 78.0
100 200 1 11.0 30.5 32.0 19.5 60.9
300 1 10.25 29.75 31.75 19.5 6 1 .4
400 1 10. 0 29.75 31.75 19.75 62.2
500 1 9 .0 30.0 32.00 21.0 70.0
120 200 1 10.25 27.25 30.25 17.0 56.2
300 1 9-5 40.0 42.0 31.5 75.0
4oo 1 9 .0 33.0 34.0 24.0 70.6
500 1 8.25 30.0 31.0. 21.75 7 0.2
Extraction Efficiency n0 R f 5 y 11 x 100 
!c / Qd
Table 9 a Extraction Efficiency Contactor I (large)
CCL^ - HAC - H^O System.
(a) Varying Inlet Solute Concentration, x^ .
N
(opm)
V Qd
(1/hr)
xi
(g/1) (g/D
y5
(g/l)
x5
( g / D
y5~yl
(g/l)
nE
(*)
100 ■koo 6.80 1 . 9 8 5 . 8 9 6 . 2 5 3-91 6 2 . 5 6
Aoo 9.39 2 . 8 9 8 . 1 9 8.73 5 . 3 0 60.71
^00 3 2 . 5 0 1 0 . 0 0 29.75 31.75 19-75 6 2 . 2 0
1+00 5^.75 18.00 4 9 . 0 0 5 0 . 0 0 3 1 . 0 0 6 2 . 0 0
(b) Varying Flow Ratio, R.
N
(opm)
Qc
(1/hr)
R yi
( g / D
y5
(g/l)
"5
(g/l)
y5"yl
( g / D
nE
w
100 200 0.50 2 4 . 5 0 +^7 . 0 0 25.50 2 2 . 5 0 4 4 . 10
300 0.75 14.00 3 2 . 0 0 25.50 18.00 5 2 . 9 0
^00 1 . 0 0 1 0 . 0 0 29.75 31-75 19.75 6 2 . 2 0
600 1.50 4 . 5 0 1 7 . 00 27.50 1 2 . 5 0 6 8 . 2 0
X  100
R = Q0 / Qd
Table 10A Sectional Values of Number and Heights of Transfer Units
and Mass Transfer Coefficients R = Q / Q. = 1,c ' d
CCL^ - HAC - H20 System, Contactor I
N
(opm)
Qc
(1/hr)
Sect­
ions
NTUcm HTU 9m
(M)
Kacm
xlO*
(sec )
NTU , dm HIUdm
(M)
Kadm
xlO* 
(sec )
60 200 l(Bot) 0 .0165 0 .6 0 43-3 0.2000 0 .0 5 523.8
2 0.0667 1.50 17.5 0.1824 0 .0 5 478.0
3 0 .0025 3-91 6.7 0.0407 0.24 IO6 . 5
4(Top) 0 .0 015 6 .6 8 3.9 0.0236 0.42 6 1 . 8
0 .0272 44.03 17.8 0.4467 2.69 2 9 2 .6
60 300 1 0 .0206 0.48 81.0 0.4000 '0 . 0 3 1571.5
2 0 .0086 1.16 33.9 0.1248 0.08 490.7
3 0 .0027 3.69 10.7 0.0440 0 .2 3 173*1
4 0 .0005 18.80 2 . 1 0.0086 1.170 33.7
0.0324 36.93 31.9 0.5774 2.080 5 6 7 .2
60 400 1 0.0345 0.29 180 .8 0.6651 0 .015 3484.8
2 0 .0078 1.28 40.9 0 .1094 0.091 573-0
3 0 .0011 9.38 5-6 0.0171 0.585 89-5
4 0 .0010 9.63 5-4 0.0495 0 .202 259.3
0.0444 2 7 .0 2 5 8 .2 0.8411 1.430 1101.7
60 500 1 0.0299 0.33 195.6 0.57&9 0.017 3777.8
2 0 .0121 0.83 79.5 0 .2060 O'. 049 1349.2
3 0 .0055 1.83 35.8 0.0886 0 .113 580.4
4 0.0021 4.78 13.7 0.0353 0 .300 r.2i8»0
0.0496 24.20 81.2 0.9048 1.33 1481.3
•
Table 10A Continued.
N
(opm)
Qc
(1/hr)
Sect­
ions
NTU cm HTUcm
(M)
Kacm
xlO6
(sec-*)
NTUdm HTUdm
(M)
Kacm 
xlO6 
(sec-*).
80 200 l(Bot) 0.0173 0.57 45-5 0.3231 0 .031 846.5
2 0 .0098 1 .02 25.7 0.1680 0.059 440.1
3 0 .0066 1 .50 17.4 0.1093 0.915 2 8 6 .3
4(Top) 0 .0 032 3 .1 6 8.3 O.O339 0.295 8 8 .7
0 .0369 32.45 24.2 0.63 43 1:890 415.4
80 300 1 0 .0360 0.28 141.2 O .6653 0.015 2614.0
2 O.OO93 1.07 36.7 0.1515 0.06 6 595.5
3 0.0041 2.46 16.0 O.O638 0.157 250.9
4 0 .0015 6 .7 8 5.8 0.0229 0.437 89.9
0 .0 509 23.60 5 0 .0 0.9035 1.328 887 .6
80 400 1 0 .0312 0 .3 2 163.3 0.5994 0.017 3140.7
2 0 .0 119 0.83 62.7 0.2017 0.049 1056.8
3 0 .0059 1.68 3 1 .0 0.0953 0 .105 499.4
4 0.0041 2.46 21.3 0 .0 638 0.156 334..5
0 .0531 22.59 6 9 .6 0 .9603 1.25 125 7.8
80 500 1 0.0462 0.21 302.5 0.9408 0.011 6161.2
2 0.0108 0 .9 2 71.0 0.1833 0 .055 1200.7
3 0 .0065 1-53 42.7 0.1054 0 .095 6 9 0 . 3
4 0.0041 2.44 26.8 0.0644 0 .1 55 421.6
O.O676 17-74 110.8 1.2939 ' 0 .927 2 11 8 .5
Table loA Continued.
N Qc Sect­
ions
NTUcm HTUcm Kacm
xlO6
NTUdm HTU . dm Kacm
xlO6
(opm) (1/hr) (M) (sec-*) (M) (sec-*)
100 200 l(Bot) 0 .0299 0.33 78.4 0.5640 0 .0 1 8 1^77.3
2 0 .0 1 43 0 .7 0 37.5 0 .2365 0.042 6 19 .6
3 0.0051 1.96 13.4 0.0805 0.124 210 .8
4(Top) 0 .0 015 6 . 7 8 3.9 0 .0229 0.437 6 0 . 0
0.0508 2 3 .6 0 33-3 0 .9039 1.33 591.9
100 300 1 0.02 89 0.35 113.6 0.55 64 0.018 2186.4
2 0 .0116 0 .8 6 ^5.5 0.1967 0.051 772.9
3 0.0071 1.41 27.9 0.H47 0.087 450.8
4 0 .0046 2.18 18.0 0 .0721 0.014 283.4
0 .0 522 2 3 .0 0 51.2 0.9400 1.28 923.4
100 400 1 0 .0299 0.33 156.5 0.5769 0.017 302 2.2
2 0 .0 1 33 0.75 69.5 0.2244 0 . 044 ‘1175.6
3 0.0064 1.55 33.7 O.IO35 0.097 542.4
4 0 .0035 2.82 18.6 0.0556 0.180 291.4
0 .0531 22.59 6 9 .6 0.9604 1.25 1257.9
100 500 1 0 .0226 0.44 148.1 0.4601 0.022 3013.2
2 0 .0163 0.61 106.6 0.2911 0.034 1906.2
3 0 .0136 0.73 8 9 .0 0.2237 0.045 1464.9
4 0 .0051 1.96 33.3 0.07 98 0.125 522.7
0.0576 20.84 94.3 I.0547 1.14 172 6.8
Table 10A Continued.
N Sect­
ions
NTU cm HTUcm Kacm
xlb6
NTU, dm HTUdm Kacm
xlO6
(opm) 1/hr (M) (sec~^) (M) (sec-*)
120 200 l(Bot) 0.0221 0.45 57.8 0.4346 0 .0 2 3 1138.4
2 0.0106 0.94 27.9 0.1886 0.053 494.1
3 0 .0083 1 .2 0 2 1 .8 0.1395 0.072 365.5
4(Top) 0 .0060 1.67 15.7 0.0?71 0 .103 254.2
0.0470 25.50 3 0 .8 0.8598 1.39 5 6 3.O
120 300 1 0 .0305 0.33 119.9 0.5959 0.017 2341.3
2 0.0195 0.51 76.5 0 .3262 0 .031 1281.8
3 0.0132 0 .7 6 51.7 0.2034 0.049 799.5
4 0.01 02 0 .9 8 40.2 0.1504 0 .066 591.2
' 0.0733 I6 .3 6 72.0 1.2760 0.94 1253.4
120 400 1 0.0335 0 .3 0 175.4 0.6744 0 .015 3533-3
2 0 .0158 O .63 82.7 0 .2 7 13 O.O37 1421.2
3 0 .0098 1.02 5 1 .2 0.1570 0.064 822.4
4 O.OO69 1.45 36.1 0.1065 0.094 558.3
0.0659 18.20 8 6 . 3 1.2092 0.99 158 3.8
120 500 1 0.0272 0.37 178.3 0.5743 0.017 3761.2
2 0.0169 0.59 110 .8 0 .3 066 O .033 2008.2
3 0.0118 0.84 77.6 0.1977 0.051 1294.9
4 0.0074 1.35 48.5 0.1177 0 .085 771.1
0.0634 18.92 1 03 .8 1.1965 1.00 1 958 .8
Table .11A Hold-up Studies For Low Solute Concentration 
(xi~ 0 .5 g/1), N = 100 opm, ' CCL^ - HAC - H20 
System, Contactor I.
Qd(l/hr) 200 300 4oo 500
Qc 
(1/hr)
Fractional Hold-up
200 0.01416 0 . 0 2 8 3 3 0 . 0 3 8 3 3 0 . 0 6 3 3
300 0 . 0 1 6 6 6 - 0.04666 0 . 0 7 1 6 6
400 0 . 0 1 9 1 6 0 . 0 3 1 6 6 0.05416 0 . 0 7 8 3 3
500 0 . 0 2 1 6 6 - 0 . 0 5 8 3 3 0 . 0 8 6 6 6
600 0 . 0 2 3 3 0 . 0 3 6 6 0 . 0 6 3 3 3 0 . 1 0 0 0
700 0 . 0 2 5 - 0 .0666 0 . 1 0 7 5
800 0 . 0 2 5 0 .04166 - 0.12166
900 0 . 0 2 5 - 0 . 0 7 8 3 3 0 . 1 3 8 3 3
1000 0 . 0 2 6 6 6 0 . 0 5 1 6 6 - -
1100 - - - -
1200 0 . 0 2 8 3 3 0 . 0 5 8 3 3 0.0975 -
Table 12A Hold-up Studies For High Solute Concentration 
(x^ — 20 g/l) and Low Solute Concentration
("Non M.T System") — °*5 g.l) - HAC - H^
System N = 100 opm, Contactor I.
Qc 
(1 / h r )
Qd 
(1/hr)
U , x l 0 2
3 2 (cmvsec cm )
Fractional
Hold-up
Non M.T Syst
Fractional 
Hold-up 
M.T system
p
600 200 7 •65k ' 0 . 0 2 0 8 3 0.00917
300 11 .^81 0.03917 0 . 0 1 2 5 0
^00 1 5 . 30 8 0 . 0 6 7 5 0 0 . 0 1 5 0
500 19.135 0 . 1 0 2 5 0 0 . 0 2 0 8
600 2 2 . 9 6 2 0.17583 0 . 0 2 2 5 0
700 26.789 0 .5 2 25* 0 . 0 2 5 6 2
800 3 0 . 6 1 6 - 0 . 0 2 8 3 0
1000 38.27 - 0 . 0 3 6 6 0
■^Limiting Flow Condition
Table 13A Residence Time Studies for Single (Continuous) 
Phase. Contactor I (Large)
N
' (opm)
Q
(1/hr)
t=V/v 
(secs)
y
(secs)
t-y 
(secs)
c2xl0  ^
(sec2) 2ae
50 200 2268.47 2136.49 131.98 973.^6 0 . 4 5 5
300 1512.31 1550.38 38.07 507.43 0 . 3 2 7
400 1134.23 1133.17 1 . 0 6 232.40 0 . 2 0 5
500 907.39 856.04 51.35 110.95 0 . 1 3 0
600 756.16 717.05 39 -11 55.55 0 . 0 7 7
60 200 2268.47 2107.58 160.89 943.68 0.448
300 1 51 2 . 31 1574.32 6 2 . 0 1 5 8 5•46 0 . 3 7 2
4oo 1134.23 1115.69 18.54 264.31 0 . 2 3 7
500 907.39 873.87 33.52 139.91 0 . 1 6 0
80 200 2268.47 2167.55 1 00 . 9 2 1000.00 0.461
300 1512.31 1546.04 33.73 731.27 0.461
400 1 13 ^ . 2 3 1137.30 3.07 317.87 0.280
500 907.39 854.01 53.38 152.31 0 . 1 7 8
90 200 2268.47 1986 . 67 281.80 1000.00 0.504
300 1512.31 1 5 2 2 . 9 3 10.62 8 0 3 . 4 2 0.527
400 1134.23 1 039 .80 94.93 2 7 3 . 8 2 0 . 2 6 3
500 907.39 841.07 6 6 . 3 2 15 3. ^0 0. 182
600 756,16 722.84 33.32 80.22 0 . 1 1 3
Table 14-A Experimental and Calculated Axial Mixing Results for 
Single (Continuous) Phase. Contactor I (Large).
N
(opm)
Q - 
(1/hr)
Pe exp 
Eqn 3-57
Pe calc
Eqn.
7 .3.O-.
E exp
(cm2/sec) 
Eqn 3-56
E calc
(cm2/sec) 
Eqn_ 7_. 9 a
50 200 9.375 8 . 3 6 1.006 1 . 0 8 8
300 9.470 10.81 1.4-94- 1.3 07
4-00 11.04-6 12.36 1.707 1 .526
500 1 3 . 2 0 5 13.51■ 1.785 1.74-4-
6oo 1 8 .5 06 14-. 3-2 . - 1 .5 2 8 1.975
60 200 9.4-11 7/4-6 1 . 0 02 1.218
300 8.4-64- 9.33 1.671 1.4-37
4-00 9.4-16 11.4-0 2 .002 1.655
500 IO. 969 12.58 2.14-9 1.874-
80 200 9.573 6 .16 0.985 I.-4-76
300 6 . 6 9 8 8 . 3 2 2 .112 1,699
4-00 8 . 1 3 3 9.85' 2.319 1.914-
500 9.573 II. 05 2.4-63 2 /132
90 200 7 . 8 8 9 5 .66' 1.195 I. 606
300 5.770 7. .75. 2.4-51 1.82 5
4-00 7 . 8 9 2 9 • 2.3 . 2.390 2.04-4-
500 9 .220 10.42/ 2.557 2 . 2 6 2
600 1 3 .0 2 2 1 1..34- 2 .172 2.4-93
Table 15A Variation of Dimensionless Variance with Peclet 
Number for Closed and Open Channels.
Peclet
Number
Variance
2
a0l 
Eqn 3-57
Variance
2
a02 
Eqn 3*58
0.5 0 . 8 5 0 3 . 6
2 0.563 3
*+ O.3 8O 1 . 0
6 0 . 2 7 8 0.556
8 0.218 0.375
10 0 . 1 8 0 0 . 2 8 0
15 0 . 1 2 5 0 . 1 6 9
20 0.095 0 . 1 2 0
4-0 0.04-9 0.051
60 0.033 O.O36
100 0 . 0 2 0 0 . 0 2 1
200 0 . 0 1 0 0 . 0 1 0
300 0.007 0.007
4-00 0 . 0 0 5 0 . 0 0 5
500 0 . 004- 0.004-
For closed channels (Van der Laan ( VI ) )
? _ Pe
Oqi= 2 (Pe - 1 + e )
Pe~
For open channels (Levenspiel and Smith (L5) )
Table 16A Axial Mixing Studies Based on the One Dimensional 
Diffusion Equation for CCL^ - HAC - H20 system, 
Contactor I
N
(opm)
V  Qd
(1/hr)
Section
Going
up
Columm
(y*-y)
.(g/D
Ka x 106 
(sec”*)
Ka(y*-y) 
x 10^
(g/cm^ sec)
u° i
x 105
(g/cnP sec)
E0 d2y
dh2 
x 10^
(g/crP sec)
60 200 l(Bot) 320 .3 5 43.3 1.39 1.70 -0 .3 1
355-58 17-5 0.62 0.79 -0.17
359.81 6.7 0.24 0.33 -0.09
4(Top) 368 .0 8 3-9 0.14 0.20 -0 .0 6
60 300 1 318.35 81.0 2.58 2.95 -0.37
2 340.0 3.9 1.15 1.47 -0 .3 2
3 348.17 10.7 0.37 0.49 -0.12
4 349.75 2.1 0.07 0.10 -0 . 0 3 .
60 400 1 327 .2 5 180.8 5.92 6 .2 9 -0.37
2 346.67 40.9 1.42 1 .8 3 -0.41
3 349.89 5.6 0.20 0 .2 6 -0 .0 6
4 360 .38 5.4 0.19 0 .2 6 -0.07
60 500 1 2 98 .2 3 195-6 5.83 6.2 -0.37
2 333.51 79-5 2 .6 5 3.27 -0.62
3 349.89 35.8 1.25 1.64 -0.39
4 356.24 13.7 0.48 O .65 -0.17
Table 16A Continued
N
(opm)
c a 
(1/hr)
Section
Going
up
Columm
(y-y)
(g/D
Ka x 106 
(sec“*)
Ka(y*-y)
x 106 
(g/ciP sec)
“ ‘ I*
x 105
(g/cra^  sec)
Ec $4 
dh
x 105
(g/crn-^  sec)
80 200 1 2 99 .7 3 45-5 1.36 1.57 -0.21
2 3 28 .25 25.7 0.84 1.05 -0.21
3 348.17 17.4 0 .16 0.79 -0.18
4 354 .08 8.3 O .29 0.39 -0.10
80 300 1 3 26 .75 141.4 4.62 4.91 -0.29
2 354.91 36.7 1.30 1.57 -0.27
3 367 .61 16 .0 0.59 O .69 -0.10
i
t 4 371 .68 5.8 0.22 0.49 -0 .2 7
80 4oo 1 301 .98 I6 3 . 3 4.93 5.24 -0 .3 1
2 3 36 .8 5 6 2 .7 2.11 2.62 -0.51
3 354.66 3 1 .0 1.10 1.44 -0.34
4 367 .11 2 1 . 3 0.78 1.04 -0.26
80 500 1 301 .98 302.5 9.13 8.84 -0 . 2 9
2 335.51 71.0 2.38 2.95 -0.57
3 354.91 42.7 1.52 1.96 -0.44
4 365 .58 26.8 0.98 1.31 -0.33
Table 16A Continued
N
(opm)
c d 
(1/hr)
Section
Going
up
Columm
(y*-y)
(g/D
Ka x 10^ 
(see"*)
Ka(y*-y) 
x 105
(g/cm^ sec)
u 0 fy
dh 
x 105
(g/ciP sec)
E0 d2y
dh2 
x 10-5
(g/cm^ sec)
100 200 1 305.13 78.4 2.39 2.62 -O. 23
2 347 .78 37.5 1.30 1.64 -0.34
3 363.5^ 13.4 0.49 O .65 -0 .1 6
4 3 6 8.14 3.9 0.14 0.20 -0 .0 6
100 300 1 298 .29 113 .6 3.39 3.63 -0.24
2 331.83 ^5.5 1.51 1.87 -0 .3 6
3 353-08 27.9 O .98 1.28 -0 .3 0
4 3 6 7.ll 18.0 0.66 0.88 -0.22
100 400 1 298 .29 156.5 4.67 4.98 -0 .3 1
2 331-08 69.5 2 .3 0 2.88 -O.58
3 352.58 33-7 1.18 1.57 -0.24
, 4 3 67.ll 18.6 0.68 0.92 -0.24
100 500 1 267 .10 148.1 3.96 4.26 -0 . 3 0
2 312.81 106.6 3.33 3-93 -0.60
3 353-08 8 9 .0 3.14 3.93 -0.79
4 368.64 33.3 I.23 1.64 -0.41
Table 16A Continued
N
(opm)
c d 
(1/hr)
Section
Going
up
Column
(y*-y)
(g/l)
Ka x 106 
(sec-^)
Ka(y#-y) 
x 10^
(g/cm^ sec)
Uc dy 
dh 
x 105
(g/cm^ Bee)
Eo
an2 
x 105
(g/crn-^  sec)
120 200 1 287.95 57.8 1.66 1.77 1 0
2 317-35 27.9 0 .8 8 1.05 -0.17
3 3^1.15 2 1 .8 0.74 0 .92 1 0 1-. 00
4 358.81 15.7 O .56 0.72 -0 .1 6
120 300 1 294.55 119.9 3.53 3-73 -0 . 2 3
2 351.49 76.5 2.69 3.24 -0.55
3 392.32 51.7 2 . 0 3 2.65 -0 .6 2
4 425.48 40.2 1.71 2 .3 6 -O.65
120 400 1 284.02 175.^ 4.98 5.11 -0 . 1 3
2 329•14 82.7 2 .7 2 3.27 -0.55
3 358.38 51 .2 I.8 3 2 .3 6 -0.53
4 379.66 36.1 1.37 I.83 -0.46
120 500 1 257.78 178.3 4.96 4.75 -0 . 2 1
2 304.63 110 .8 3-37 3.93 -0.56
3 339.15 77.6 2 . 6 3 3-27 -0.64
4 361.49 48.5 1.73 2 .2 9 -0 .5 6
Table 17A Dry Power Study Contactor I (Large)
N
(opm)
Torque, Tp 
(Joules)
Dry
Power, P~Dry
(Joules/sec)
50 0.583 3.050
60 0 . 6 0 5 3-799
65 0 . 6 0 9 4.148
70 0 . 6 1 3 4.492
80 0 . 6 2 5 5.238
90 0.640 6 . 036
100 0.653 6 .843
120 0 . 7 0 0 8 . 7 9 8
Table 18A Single Phase Mixing Power Study Contactor I (Large)
N
(opm)
TorquefTD+M1 
(Joules)
Dry+Mixing 
Power, P-Q+Pjy^  
(Joules/sec)
Mixing 
Power, PM1 
(Joules/sec).
50 0 . 8 06 1 4.221 1.171
60 0.948 5-956 2.157
65 I . 0380 7 .O65 2 . 9 1 7
70 1 .1 1 8 8 .199 3.707
80 1.319 11.049 5-811
100 1 . 8 0 3 I8 . 8 7 7 12.034
120 2.472 3 1 . 0 6 3 2 2 . 2 6 5
Table I9A Two Phase Mixing Power Study Contactor I
(Large) CCL^ - HAC - H^O System.
N
(opm)
Q =Q, c d
(1/hr)
hm
cm of 
CCL^
T
J
* PT
(J/sec)
P
M
(J/sec)
60 200 0 . 6 8 0.957 0 .0 0 57 6 . 0 1 3 2.214
300 1 . 3 2 0.958 0 . 0 1 1 0 6.019 2 . 2 2 0
400 1.48 0.959 0 . 0 1 2 3 6 . 0 2 6 2.227
500 1.74 O.9 6O 0 . 0 1 4 5 6 . 0 3 2 2.233
80 200 0 . 9 6 1.331 0 . 0 0 8 11.151 5.913
300 1.42 1.338 0.0118 11.217 5.979
400 I . 70 1.344 0.0142 11.259 6 . 0 2 1
500 1 . 9 6 1.352 O.OI63 11.324 6 . 0 8 6
100 200 1.4o 1.827 0 . 0 1 1 6 19.132 12.289
300 2.04 1.839 0 . 0 1 7 0 19.258 12.415
400 2 . 5 0 1.849 0 .0 2 0 8^ 19.363 1 2 . 5 2 0
500 2 . 8 0 1 . 8 5 2 0 . 0 2 3 3 19.394 1 2 . 55 1
120 200 1 . 6 8 2 . 5 0 8 0.014 3 1 . 5 2 0 2 2 . 7 2 2
300 2 . 2 5 2.519 0.0187 31.655 22.857
400 2 . 8 0 2.525 0 . 0 2 3 3 31.730 22.932
500 3 . 2 6 2.541 0 . 0 2 7 2 31.931 23.313
P-pry = Dry Power Consumption
PM  ^= Single Continuous Phase Mixing Power
Pm2~= Single Dispersed Phase Mixing Power (By difference)
PjYj = Two Phase Mixing Power = P ^  + P^ 2
PT = Total Power Consumption = P^ + P^ = P^ + P ^  + P ^
Table 20A Two Phase Mixing Power Per Unit
Active and Swept Volume CCL^-HAC-H^O 
System Contactor I.
N
(opm)
= Q*c a 
(1/hr)
Pva  ^
(J/ secnr-
P
VS 0
(J/secirr)
60 200 2 6 . 1 0 59.12
300 2 6 . 1 7 59.36
400 2 6 . 2 6 59.55
500 26.33 59.70
80 200 69.71 1 58 . 66
300 70. 49 159.87
400 70.99 160.99
500 71.75 162.73
100 200 144. 88 328.58
300 146.37 331.95
400 147.61 334.76
500 147.97 335.59
120 200 2 6 7 . 8 8 607.54
300 269.48 611.15
4oo 2 7 0 . 3 6 6 1 3 . 1 5
500 2 7 2 . 3 6 6 2 3 . 3 4
P = Power Per Unit Active Volume = P /V
va m ' a
P = Power Per Unit Swept Volume = P /V
vs *  m ' s
BLOCK B TABLES 
MIBK - HAC - H^O System 
CONTACTOR I (LARGE)
Table IB Concentration Profile For System MIBK - HAC - H^O 
R = Qq / = 1 Contactor I
N
(opm)
Qc
(1/hr)
Sampling Points 
Concentration (s/l)
Bot 1 2 3 4 5 Top
y 2 7 . 6 2 7 . 5 25.4 21.3 14.2 5.5 0.0
50 350 X 33-7 3 5 . 0 33.0 28.8 21.7 13.0 7.5
y 26.1 2 6 . 0 2 3 . 0 18.2 11.2 5* 1 0.0
60 350 X 3 0 . 0 3 0 . 6 2 7 . 6 22.8 1 5 . 6 9.6 4.6
y 2 7 . 2 2 7 . 1 24.4 17.0 9-1 3 . 8 0 . 0
65 350 X 31.4 3 1 . 5 28.8 21.4 13.5 8 . 2 4.4
y 24.1 24.0 21.5 14.8 8 . 5 4.2 0.0
70 350 X 2 7 . 1 2 7 . 2 24.7 18.0 11.2 7.2 3 . 2
y 3 1 . 0 3 0 . 8 25.9 18.7 10.6 6.9 0.0
70 300 X 35.7 35-0 3 0 . 1 22.9 14.8 11.1 4.2
y 24.1 24.0 21.5 14.9 8.1 4.0 0.0
70 350 X 2 7 . 1 2 7 . 2 24.7 18.0 11.2 7.2 3.2
y 3 3 . 3 33.3 27.7 17.4 9.5 3-9 0.0
70 400 X 3 8 . 5 38.2 3 2 . 6 22.3 14.4 8.9 4. 9
y 3 2 . 9 32.7 2 5 . 8 16.8 9.2 3.7 0.0
70 500 ‘ X 3 7 . 0 36.4 29.5 20.4 12.9 7.4 3 . 6
Table 2B Frequency of Droplet Sizes from Photographic 
Studies for MIBK - HAG - H^O system, at 
Constant F l o w r a t e , Varying Oscillation Speed 
Contactor I, Q = Q = 350 l/hr.
C Cl
Drop
Size
No.
N (opm) 50 60 65 70
Droplet
Size
(mm)
Frequency of Droplets f^
1 0 . 2 5 0 15 10 6 8
2 O.3 8I 21 46 27 68
3 0 . 5 1 2 34 81 106 124
4 0.645 29 64 97 83
5' 0.776 14 32 53 42
6 O . 907 10 23 27 19
7 1 . 038 6 3 10 5
8 1 . 16 9 4 - 3 2
9 1 . 300 1 2 1 1
10 1.^31 - 1 2 -
11 1 . 5 6 2 - - 1 1
12 1.693 2 - - -
13 1.824 - - 1 1
Table 3B Sauter Mean Drop Diameter, Interfacial Area and 
Mass Transfer Coefficient for Continuous Phase, 
Determined Experimentally from Photographic 
Studies for MIBK - HAC - H^O System, Contactor I.
Qc = Qd 
(1/hr)
N
(opm)
d32 
(cm)
a
(cm2/cm^)
K a x 10  ^c
(sec"'*')
K x 106 c
(cm/sec)
50 350 0.0879 0.6l4 9 . 2 0 0 14.984
60 350 0 . 0 8 5 2 1.338 11.472 8.574
65 350 0.0848 1.592 13.193 8 . 2 8 7
70 350 0.0729 1 . 85 2 13.379 7.224
300 0 . 0 8 3 0 1.590 1 0 . 25 2 6.448
350 0.0729 1 . 8 5 2 13.379 7.224
?o 400 0 . 0 8 2 0 1.829 16.474 9.007
500 0.0842, 2 . 1 3 8 23.248 10.874
Table 4B Extraction Efficiency, Contactor I
MIBK - HAC - H20 System.
N
(opm)
Q
(1/hr)
R ?1
(g/D
y5
(g/1 )
X1
(g/1 )
y l"y5
(g/1 )
nE
(%)
70 300 1 3 0 . 8 6 . 9 4 3 5 . 0 2 2 3 . 8 6 6 8 . 1 3
350 1 24.0 4.02 2 7 . 1 8 1 9 . 9 8 73.51
400 1 33-27 3 . 9 2 3 8 . 1 9 2 9 . 3 5 76.85
500 1 32.72 3 . 7 2 3 6 . 3 6 2 9 . 0 0 79.76
50 350 1 27.45 5 . 4 9 3 4 . 9 5 2 1 . 9 5 6 2 . 8 3
60 350 1 2 6 . 0 0 5 . 0 1 3 0 . 5 6 2 0 . 9 9 68.68
65 350 1 2 7 .14 3 . 7 8 3 1 . 5 2 2 3 . 3 6 74.11
70 350 1 24.00 4.02 2 7.18 1 9 . 9 8 73-51
Extraction Efficiency = R ■( y1 - )
* 1____1 x 100
Table 5B Experimentally Determined NTU, HTU, Ka Values For 
MIBK - HAC - H^O System R = 1, Contactor I
N
(opm)
Qc
(1/hr)
NTUcm HTU cm
(M)
Kacm
4xlO
(sec-1)
NTU , dm HTUdm
(M)
Kadm
xlO^
(sec-1)
4>p
50 350 0 .8027 1.4946 9 .2 0 0 1-2955 0 .9262 14.85 0 .0090
60 350 l.ooii 1.1987 11.472 1.5847 O.75 .7 2 18.162 0 .0190
65 350 1.1512 1.0424 13-193 1.8276 0 .6566 20.945 0.0225
70 350 1 .1674 1.0279 13-379 I.8362 0.6535 21.044 0.0225
70 300 1.0437 1.1498 10.252 1.6221 0.73 98 15.93^ 0 .0 2 20
70 350 1 .1674 1.0279 13-379 I.8362 0.6535 21.044 0 .0225
70 400 1.2578 0.9541 16.474 1-9779 0 .6067 25.905 0 .0250
70 500 1.4200 0.8451 23.248 2.2219 0.5401 36.376 0 .0300
Table 6B Sectional Values of Number and Height of Transfer Units and 
Mass Transfer Coefficients R = Qq / = 1
MIBK - HAC - H2O system, Contactor I
N
(opm)
c d 
(1/hr)
Section NTU cm HTUcm
(M)
Kanmcm
x 106
(sec-^)
N1Udm HTU,dm
(M)
Kacm 
x 106 
(sec
50 350 1(Top) 0.3832 0.7829 17.6 0.6349 0.4725 29.1
0.24-35 1.2319 11.2 0.3870 0.7753 17.7
0.1204 2.4911 5.5 0.1877 1.5980 8 . 6
4(Bot) 0.0556 5.3960 2.5 0 .0860 3.4900 3.9
0 .8027 1.4946 9.2 1.2955 0 .9262 14.85
60 350 1 0.3775 0.7946 17.3 0.6190 0.4846 28.4
2 0.3394- 0 .8838 15.6 0.5324 0 .5634 24.4
3 0.1821 1.6477 8 . 3 0.2787 1.0762 12.8
4 0.1020 2.9407 ^.7 0 .1545 1.94-21 7.1
1.0011 1.1987 11.5 1.5847 0.7572 18.2
65 350 1 O.37IO 0.8088 17.0 0.6166 0 .4865 28.3
2 0.4027 0.7^49 18.5 0 .6360 0.4717 2 9 . 2
3 0.2879 1.0419 13.2 0.4400 0.6819 20.2
4 0.0896 3.3482 4.1 0 .1350 2.2221 6.2
1.1512 1.0424 13.2 1.8276 0 .6566 20.9^
70 350 1 0.3395 0 .8835 15.6 0.5593 0 .5 3 6 4 2 5 . 6
2 0.4206 0.7133 19.3 0.6604 0 .4 5 43 30.3
3 0 .3102 0.9673 14.2 0.4711 0 .6368 21.6
4 0.0971 3.0888 4.5 0.1455 2 .0625 6.7
1.1674 1.0279 13.4- 1.8362 0 .6 535 21.0
Table 6B Continued
N
(opm)
c d 
(1/hr)
Section NTU cm HTU cm
(M)
Kacm 
X 106 
(sec-*)
NTU , dm HTU - dm
(M)
Kaomcm
x 106
(sec-*)
70 300 1(Top) 0.2267 1.3233 8.9 0.3675 0.8164 14.4
2 0.3935 0.7624 15.5 0.6151 0.4877 24.2
3 0.2696 1.1129 10.6 0.4093 0 .7330 16 .1
4(Bot) 0.1539 1.9494 6 . 0 0 .2303 1.3028 9.0
1.0437 1.1498 10 .3 1.6221 0 .7398 15.9
70 350 1 O.3395 O .8835 15.6 0.5593 0 .5 3 6 4 2 5 . 6
2 0.4206 0.7133 19.3 0.6604 0.4543 30.3
3 0 .3102 0.9673 14.2 0.4711 0 .6 368 2 1 . 6
4 0.0971 3 .088 4.5 0 .1455 2 .0 6 25 6.7
1.1674 1.0279 13.4 1.8362 0.6535 2 1 . 0
70 400 1 0.3539 0.8476 18.5 0.5793 0.5179 30.3
2 0 .3808 0.7878 20.0 0 .6036 0.4970 31 .6
3 0.3641 0.8240 19.1 0.5565 0.5390 2 9 .2
4 0 .1590 1.8872 8.3 0.2385 I.258O 12.5
1.2578 0.95^1 16.6 1.9779 0 .6067 25.9
70 500 1 0 .4250 0.7059 2 7 .8 0.7011 0.4279 45.9
2 0.4120 0.7282 2 7 .0 0.6449 0.4652 42.2
3 0.3642 0.8237 23.9 0.5510 0 .5445 3 6 .1
4 0.2188 1.3712 14.3 0.3248 0.9235 21.3
1.4200 0.8451 2 3 .2 2.2219 9.5^01 36.38
Table 7B Power and Hold-up Study for MIBK - HAC - H^O 
System. Contactor I (large)
N
(opm)
Q =Q c d
(1/hr)
hm
cm of 
CCL^
T
(Joules)
pT
(J/sec)
p
M
(J/sec)
70 300 0.88 1.122 0.0220 8.225 3.733
350 0.90 1. 123 0 . 0 2 2 5 8 . 2 3 2 3.740
400 1.00 1.124 0 . 0 2 5 0 8.239 3.747
500 1.20 1.144 0 . 0 3 0 0 8 . 3 8 6 3.894
50 350 O .36 0.815 0 . 0 0 9 0 4.269 1 . 2 19
60 350 O .76 0.953 0 . 0 1 9 0 5.988 2.189
55 350 0.90 1.040 0 . 0 2 2 5 7.079 2.931
70 350 0.90 1 . 1 2 3 0.0225 8 . 2 3 2 3.740
Pory = Dry Power Consumption
PIVI1 = Single Continuous Phase Mixing Power
Pm2 " Single Dispersed Phase Mixing Power (By difference)
P^ ' = Two Phase Mixing Power = P ^  + P ^
PT = Total Power Consumption = P^ + P^ = + P ^  + P ^
Table 8B Two Phase Mixing Power Per Unit Active 
and Swept Volume MIBK - HAC - H20 
System Contactor I
N
(opm)
c a 
(l / h r )
Pva ~ 
(J/sec irr)
" P
VS 0
(J/sec nn)
70 300 44.01 99.68
550 44. 09 99.86
400 44.18 100 . 06
500 45.91 103.98
50 350 14.37 32.55
60 350 2 5 . 8 1 58.45
65 350 3 4 . 5 6 78.26
70 350 44.09 99.86
BLOCK C TABLES 
CCL^ - HAC - H^O System 
CONTACTOR II (SMALL)
Table 1C Concentration Profile for System CCL^ - HAC - H^O 
R = Qc / = 1 Contactor II.
N Q
Sampling Points 
Concentration (g/l)
(opm) (1/hr) Bot 1 2 3 4 5 Top
y 0 .0 9 .0 15.0 27 .5 33-5 36 .0 38 .5
80 50 X 1.0 10.0 16.0 28 .5 34 .5 37 .0 36 .5
y 0 .0 6 . 0 9 .0 22 .5 30 .5 32 .0 32 .5
75 X 2 . 5 8 .0 I I .5 24 .5 33 .0 34 .5 35-0
y 0 .0 3 .0 7 . 5 20 .0 30 .5 33 .0 33-5
100 X 2 .0 5 . 0 9 . 5 22 .0 32 .5 35 .0 35-0
y 0 .0 3 .0 6 . 0 2 1 .5 30 .5 32 .0 32 .0
125 X 2 . 5 5 .5 8 .5 2 4 .0 33.0 3 4 . 5 35 .0
y 0 .0 10.5 21 .5 36 .5 42 .5 4 5 .5, 4 5 .5
60 100 X 0 .5 11.0 22 .0 37 .0 43 .0 46 .0 i+5.5
y 0 .0 3 .0 7 .5 20 .0 30 .5 33 .0 33-5
80 100 X 2 . 0 5-0 9 . 5 22 .0 32 .5 35-0 35 .0
y 0 .0 6 . 5 12.5 24 .0 44 .0 45 .0 4 5 .5
100 100 X 0 .5 7 .0 13.0 24 .5 44 .5 46 .0 ^5 -5
y 0.0 6 .0 9 . 0 15.0 30 .0 36 .0 36 .5
120 100 X 1.0 7 . 0 10.0 16.0 31 .5 37-0 3 6 .5
Table 2C Frequency of Droplet Sizes from Photographic 
Studies for CCL^ - HAC - H^O System, at 
Constant F l o w r a t e , Varying Oscillation Speed 
Contactor II. Q q = = 100 l/hr.
N (opm) 60 80 100 120
Dijop Droplet
Size Size Frequency of Droplets
No. (mm)
1 0 . 2 5 20 33 202 400
2 O.3 8I 25 103 125 120
3 0 . 5 1 2 40 83 71 4
4 0. 645 23 40 31 2
5 0 . 7 7 6 23 33 15 -
6 0 . 9 0 7 24 30 4 -
7 I . 038 10 15 4 -
8 I.I69 6 6 1 -
9 I . 300 5 7 - -
10 1 . 431 2 2 - -
11 1 . 5 6 2 2 1 - -
12 1.693 - - - -
13 1.824 - 2 -
. .
Table 3C Sauter Mean Drop Diameter, Interfacial Area and 
Mass Transfer Coefficient for Continuous Phase, 
Determined Experimentally and Photographic 
Studies for CCL^ - HAC - H^O System, Contactor II.
N
(opm)
Q = Q, c d
(1/hr)
d32
(cm)
a
(cmV cm^)
K a x 106 c
(sec )^
K x 106 c
(cm/sec)
60 100 0 . 0 9 2 0 . 3 2 6 107.5 329.75
80 100 0 . 0 8 7 0 . 6 9 0 12 3. 1 178.41
100 100 0.055 2.091 1 32 .2 6 3 . 2 2
120 100 0 . 0 3 2 8 . 2 8 0 1 1 2 . 2 13.55
50 0.093 0.402 46.8 116.42
75 0 . 0 9 9 0.455 82.5 1 8 1 . 3 2
80 100 0.087 , O.6 9O 1 23 . 1 178.41
125 0.102 0.635 146.7 2 3 . 0 2
Table 4C Experimentally Determined dumber and Heights of Transfer 
Units and Mass Transfer Coefficients R = 1,
CCL^ - HAC - H20 System, Contactor II
N
(opm)
Qc
(1/hr)
NTUcm HTU cm
(M)
Hacm
xlO6 
(sec”*)
NTU , dm HTUdm
(M)
^dm
xlO6 
(sec”*)
<f> p
80 50 0.0714 16.80 46.8 1.2919 0.9288 846.0 0 .0 0625
75 0.0836 14.34 82.2 1.6499 0.7273 1620.8 0 .0 075 0
100 0.0940 12.77 123.1 1.9255 0.62 32 2521.9 0.0100
125 O.O896 13.39 146.7 1.8149 0.6612 2971.3 0.01080
60 100 0.0821 14.62 107.5 1.4094 0.8514 1846.0 0 .0050
80 100 0.0940 12.77 123.1 1.9255 0.6232 1521.9 0.0100
100 100 0.1009 11.89 132 .2 1.8587 0.6456 2434.5 0.01917
120 100 O.O856 14.00 112.2 1.6463 0.7289 2156.3 0.04416
Table 5C Extraction Efficiency, Contactor II
CCL^ - HAC - H^O System.
N
(opm)
Q
(1/hr) R
* 1
(g/D
y5
(g/D (g/D
y5“ yl 
(g/D (fo)
80 50 1 9 . 0 0 3 6 . 0 37.0 2 7 . 0 7 2 . 9 7
75 1 6 . 0 0 3 2 . 0 34.5 2 6 . 0 7 5 . 3 6
100 1 3 . 0 0 3 3 . 0 35.0 3 0 . 0 8 5 . 7 1
125 1 3 . 0 0 3 2 . 0 34.5 2 9 . 0 84.06
60 100 1 1 0 .5 0 ^5.5 46.0 35.5 77.17
80 100 1 3 . 0 0 3 3 . 0 35-0 3 2 . 0 91.43
100 100 1 6 . 5 0 4 5 . 0 46.0 39.5 85-87
120 100 1 . 6 . 0 0 3 6 . 0 37.0 31.0 8 3 . 7 8
Extraction Efficiency nTr = R ( y ^ — y-, )
  x 100
Table 6C Sectional Values of Number and Heights of Transfer Units 
and Mass Transfer Coefficients R = = 1.
CCL^ - HAC - H^O System Contactor II
N
9 C Section NTU cm HTUcm Hacm 
x 106
NTU , dm HTU , dm Kacm 
x 106
(opm) (1/hr (M) (sec-*) (M) cn CD 0
1 h-*
80 50 1(Top) 0.0228 0.4488 5 8.4 0 .4665 0.0214 1221.9
2 0 .0325 0.3071 8 5 .3 0.5695 O.OI76 1491.8
3 0.01 20 0.8307 31.5 0 .1875 0.0533 49.1
4(Bot) 0.0045 2.1935 11.9 0.0685 0 .1460 179.4
0.0714 16.80 46.8 1.2919 0.92 88 846.0
80 75 1 0 .0272 0.36 72 107.0 0.6495 0.0154 2551.9
2 O.O366 0.2734 143-7 0.6844 0.0146 2689.1
3 0.01 70 0.58 86 66 .7 0.2726 O.O367 1071 .0
4 0.0028 3 .5200 11.2 0.0435 0.22 98 171 .0
O.O836 14. 34 82.2 1.6499 0.7273 1620 .8
80 100 1 0.0242 0.4125 127 .0 0 .6385 0 .0156 33^5.^
2 0.0415 0.2406 217.7 0.8307 0 .0 120 4 3 5 2 .3
3 0.0234 0.4266 122 .8 O .3836 0 .0261 2009.5
4 0.0047 2.1081 24.9 0.0726 0 .1378 38O. 2
0.0940 12.77 123.1 1.9255 0 .6232 2521.9
80 125 1 0.0163 0.6129 106.9 0.4331 0 .0231 283 6 .0
2 0.0511 0.1957 33^.6 1.0256 0.0097 6 716 .2
3 0.0194 O.516I 126.9 0.3127 0 .0 3 20 2048.0
4 0.00 28 3 .5200 18.6 0.0435 0 .2298 2 8 5 .0
O.O896 13.39 146.7 1.8149 0.6612 2971.3
Table 6C Continued
N
(opm) (1/hr)
Sections
going up 
column
NTU cm HTUcm
(M)
Kacm 
x 106 
(sec~^)
NTU , dm HTU , dm
(M)
Kaom
x 106 
(sec-*)
60 100 l(Bot) 0.0354 0.2826 185.4 0.6864 0.0146 3596.1
2 0 .0320 0.3126 I6 7 .6 0.5106 • 0.0196 2675.3
3 0.01 00 0 .9930 5 2 .8 0 .1467 0 .0 682 768.7
4(Top) 0.0046 2 .1606 24.2 O.O656 0 .1 5 23 344. 0
0.0821 14.62 107.5 1.4094 0.8514 1846.0
80 100 1 0.0242 0.4125 127.0 0 .6385 0 .0156 3345.4
2 0.0415 0.2406 217.7 0.8307 0 .0120 4352.3
3 0.0234 0.4266 122.8 0.3836 0 .0261 2009.5
4 0.0047 2.1081 24.9 0.0726 0 .1378 380 .2
0.0940 12.77 123.1 1.9255 0.6232 2521.9
100 100 1 0 .0266 0.3755 139.5 0.6156 0 .0162 3225.3
2 0.0338 0.2955 177-3 0.6267 0 .0 160 3283.4
3 0.03 82 0.2619 200 .0 0.5841 0.0171 306 0 .2
4 0 .0023 4.3796 12 .0 0 .0323 0.3100 1 69 .0
0 .1009 11.89 132.2 1.8587 0.6456 2434.5
120 100 1 0.0145 0 .6866 76.3 0.3550 0.0282 1859-7
2 0 .0222 0.4488 116.7 0 .4665 0.0214 2443.8
3 0.0375 0 .2666 196.5 0 .6673 0 .0150 3^95*8
4 0 .0113 0.8849 59.2 0.1576 0.0634 8 2 5 .8
0 .0856 14.00 112.2 1.6463 0.7289 2156.3
Table 7C Dry Power Study Contactor II (small)
N
(opm)
Torque T^ 
(Joules)
Dry Power P^  
(Joules/sec)
60 o . 1932 1.214
80 0 . 1 9 9 6 1 . 6 7 2
100 0.2041 2.137
120 0 . 2 0 8 8 2.624
Table 8C Single Phase Mixing Power Study. Contactor II
(small)
N
(opm)
Torque ,TD+M1 
(Joules)
Mixing+Dry
Power PD+PM1 
(Joules/sec)
Mixing■Power P .^ 
(Joules/sec)
60 0.4900 3.079 1.865
80 0.6060 5.077 3 .405
100 0.811 8 .^93 6 .355
120 1.024 12.868 10.24
Table 9C Two Phase Mixing Power Study Contactor II
(small) CCL^ - HAC - H^O System.
N
(opm)
Qc=Qd 
(1/hr)
hm
cm of 
CCL^
T
J
PT 
(J/sec)
PM
(J/sec)
80 50 0 . 7 5 0 . 6 1 1 O.OO63 5.U9 3.447
75 0 . 9 0 0.612 0.0075 5.127 3.455
100 1.20 0.6l4 0.0100 5-144 3.472
125 1.30 0.615 0.0108 5.152 3-480
60 100 0 . 6 0 0 . 4 9 4 0 . 0 0 5 0 3 . 1 0 6 1.892
80 100 1.20 0.6l4 0.0100 5.144 3.472
100 100 2 . 3 0 0.82 6 0 . 0 1 9 2 8 . 6 5 0 6.513
120 100 5.30 1.053 0.0442 13.234 10.610
Ppry = Dry Power Consumption
P ^  = Single Continuous Phase Mixing Power
]?M2 = Single Dispersed Phase Mixing Power (By difference)
PM = Two Phase Mixing Power = P ^  + P ^
Prp = Total Power Consumption = P^ + P^ = P^ + P ^  + P ^
Table IOC Two Phase Mixing Power Per Unit Active 
and Swept Volume CCL^ - HAG - H^O 
System Contactor II
N
(opm)
Q = Q , c d
(1/hr)
Pva ~ 
(J/sec nr)
P
VS 0
(J/sec nr)
80 50 162.55 2 7 6 . 1 3
75 1 6 2 . 9 3 276.77
100 163.73 2 7 8.1^
125 16 ^. 11 2 7 8 . 7 7
60 100 8 9 . 2 2 151.56
80 100 163.73 2 7 8 . 2 0
100 100 307.13 521.75
120 100 500.33 8^9.95
